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1.0 INTRODUCTION 
1.1 Nature of Polyethylene 
Polyethylene, like other polymers, is a high molecular 
weight compound built up by the repetition of small monomer 
units, An introduction to the preparation and properties of 
polyethylene can be found In the texts by Billmeyerl and Golding. 
More comprehensive and detailed information is available in the 
2 
text by Raff and Allison. 3 
Polyethylene I s  prepared by the addition polymerization 
of ethylene : 
n n C%=CH2 .-> (-CH2-CH2) 
In general, two different processes-one a high pressure and the 
other a low pressure process-are employed for ethylene polymer- 
ization. The high pressure techniGue proceeds via a free radical 
process and requires pressures of 1000-3000 atmospheres or higher 
and temperatures as high as 250°C. 
the high pressure process are low density (ca. 0.91-0,92) poly- 
ethylenes possessing 60-70s crystallinity. 
polyethylene process proceeds via an Ionic mechanism at conslderab- 
ly lower pressures (30-100 atmospheres) with the u8e of various 
catalysts such as those of the Ziegler type, The low pressure 
process yields high density (ca, 0.95-0.96) polyethylene 
possessing 80-90$ c r y s  t a1 1 inity . 
Polyethylenes synthesized by 
The low pressure 
A wide variety of monomers can be made to copolymerize 
with ethylene at high pressures. Among these are ethyl acrylate 
and vinyl acetate. 
CH -COO-CH=CH 3 2 CH~ZCH-COOC H 2 5  
ethyl acrylate vinyl acetate 
Copolymers of ethylene with alpha olefins such as 
-1- 
butene-1 can be prepareu by the  techniques used i n  making 
l i n e a r  polyethylenes.  
CH2=CH-C% -CH3 
butene-1 
1.2 Stmxcture o f  Polyethylene 
Low and high dens i ty  polyethylenes d i f f e r  q u i t e  
markedly I n  t h e i r  p rope r t i e s .  FOF example, high dens i ty  poly- 
e thylene has h igher  t e n s i l e  s t r e n g t h  and c r y s t a l l i n e  melt ing 
po in t  (135OC. vs. l l O ° C , ) .  The d i f f e rences  between high and low 
dens i ty  a r e  due i n  l a r g e  p a r t  t o  t h e  d i f f e r e n t  degrees of chain 
branching present  i n  t h e  two. Chain branching has a predominant 
e f f e c t  on the  degree of c r y s t a l l i n i t y  and the re fo re  on the 
dens i ty  and o t h e r  p r o p e r t i e s  of polyethylene.  
Low dens i ty  polyethylene i s  highly  branched (ca .  1-4 
branches per 100 carbon atoms) while high dens i ty  polyethylenes 
a r e  considered t o  be " l inea r " .  High dens i ty  polyethylenes of  
d e n s i t y  0.96 possess  l e s s  than 0.1 branches pe r  100 carbon atoms. 
The type of branching that occurs i s  of two types-long 
chain and s h o r t  chain. Long chain branching I s  due t o  the i n t e r -  
molecular c h a l n  t r a n s f e r  t o  "dead" polymer which normally occurs 
during propagation. Short  chain branching occurs by l n t r a -  
molecular chain t r a n s f e r ,  The number of long chain branches p e r  
molecular i n  t y p i c a l  polyethylenes a r e  much l e s s  than the  number 
o f  sho r t  chain branches (ca.  l:5O). 
Like any semi-crys ta l l ine  polymer, polyethylene c o n s i s t s  
of both c r y s t a l l i n e  and amorphous regions.  The c r y s t a l l i n e  
regions c o n s i s t  o f  chain segments l ined  up so t h a t  i n t e r - cha in  
a t t r a c t i o n  occurs.  These c r y s t a l l i t e s ,  i n  tu rn ,  a r e  a l igned i n t o  
l a r g e r  ordered r eg ions  c a l l e d  s p h e r u l i t e s .  Sphe ru l i t e s  cons i s t  
-2- 
of a l a r g e  number of  c r y s t a l l i t e s  r a d i a t i n g  i n  a l l  d i r e c t i o n s  
from a s i n g l e  poin t .  
branching, r a t e  of  cool ing from the melt ,  e tc . )  a r e  involved i n  
Many f a c t o r s  (molecular weight, chain 
t h e  number and s i z e  of  c r y s t a l l i t e s  and s p h e r u l i t e s  t h a t  a r e  
present  i n  polyethylene.  The exact  na ture  of the s t r u c t u r e  of 
polyethylene 2s s t i l l  the scbject cf much d iscuss ion ,  
thought i s  based 
CuPrent 
t h e  “folded-chain” theory Of c r y s t a l -  
l i n i t y .  4,5 
When polyethylene i s  heated, a s  wi th  any c r y s t a l l i n e  
compound, the ordered regions a re  destroyed, With a simple 
pure c r y s t a l l i n e  compocnd, melting occurs a t  a sharp ly  defined 
temperature. Polyethylene, l i k e  o t h e r  polymers containing 
c r y s t a l l i n e  and amorphous regions,  does not  melt a t  a sharp ly  
def ined temperature; w i t h  r i s e  o f  t emperah re ,  the proport ion 
of amorphous ma te r i a l  increases  u n t i l  a l l  the  c r y s t a l l i n e  
regions a r e  m e l t e d .  
po r t ion  of c r y s t a l l i n e  ma te r i a l  from room temperature upward 
with an increased r a t e  of diminution a s  the  polymer approaches 
the f i n a l  melting po in t .  
There I s  a gradual diminution i n  the pro- 
When a polyethylene specimen i s  heated t o  melting and 
then cooled, r e c r y s t a l l i z a t i o n  of the  melt occurs.  The na ture  
of the c r y s t a l l i n e  s t a t e  which occurs on r e c r y s t a l l i z a t i o n  may 
or may not  be s i m i l a r  t o  t h a t  which ex i s t ed  o r i g i n a l l y  i n  t h e  
polymer; t h i s  w i l l  depend upon many f a c t o r s  (e.@;., temperature, 
r a t e  of cooling, e tc . )  and i s  discussed i n  the l i t e r a t u r e .  
I n  any event,  c r y s t a l  growth s t a r t s  anew on cool ing and no 
remnants of the o r i g i n a l  c r y s t a l l i t e / s p h e r u l i t e  arrangements 
113 
remain . 
Cooling of  a polymer specimen heated t o  some temperature 
-3- 
below Tm presen t s  a d i f f e r e n t  s i t u a t i o n .  
conta ins  both melted and unmelted c r y s t a l l i n e  regions; cool ing 
r e s u l t s  i n  r e c r y s t a l l i z a t i o n  of the mel ted  regions,  
regions formed from the  melt are now present  along with the 
remnants of those which never melted. The exact  na ture  of these 
two c r y s t a l  types,  having d i f f e r e n t  previous h i s t o r i e s ,  does not 
concern us  a t  p re sen t .  
o r  no t  the  presence of c r y s t z l l l n e  region affects the  na ture  of 
the c r y s t a l s  forming from the  melt .  It is ,  however, very 
important t o  keep i n  mind that  polyethylene heated t o  Tm o r  
above and cooled will be d i f f e r e n t  i n  na ture  from polyethylene 
heated t o  some temperature below Tm and cooled. 
1 .3  
Such a specimen 
C r y s t a l l i n e  
Nor a r e  w e  concerned a t  t h i s  time whether 
E f fec t  of 1or.izing Rsdlat icn on Polymers 
Ioniz ing  r a d i a t i o n s ,  such as e l e c t r o n s  from a n  
a c c e l e r a t o r  or gamma rays from Cobalt-60, genera l ly  i n t e r a c t  
w i th  polymeric ma te r i a l s  t o  cause e i t h e r  c ros s l ink ing  o r  
degradation. (Gther r eac t ions ,  such a s  t h e  production o r  removal 
of unsa tu ra t ion  and t h e  formation of gases, may a l s o  occur,) 
Extensive d i scuss ions  on the e f f e c t s  of r a d i a t i o n  on polymers 
can be foune i n  the  t e x t s  by Charlesby' 
o v e r a l l  effect of c ros s l ink ing  i s  t h a t  the molecular weight of 
the polymer inc reases  u n t i l  u l t ima te ly  a three-dimensional 
inso luble  network is formed , 
and C h a p i r ~ . ~  The 
-4- 
Crosslinked polymers no longer  melt a t  t he  normal melting 
temperature , and have increased t e n s i l e  s t r e n g t h  and decreased 
elongation. 
On the  o t h e r  hand, r ad ia t ion  degradation r e s u l t s  I n  the 
polymer su f fe r ing  random chaln sc i s s ions .  
Thus, t he  molecular weight s t e a d i l y  decreases  w i t h  r a d i a t i o n  
dose and i n  extreme cases  a low molecular weight l i q u i d  may 
r e s u l t .  Degradation r e s u l t s  I n  the  lowering of the  t e n s i l e  
s t r e n g t h  o f  a polymer. 
Since both c ros s l ink ing  and degradation o c c u r  simul- 
taneously i n  most polymers, i t  is the  r e l a t i v e  tendencies toward 
the  two r eac t ions  which determine the  ne t  r e s u l t  o f  i r r a d i a t i o n .  
Thus, if cros5l inking  occurs a t  a higher  yield thar, chair1 s c i s s i o n  
the  n e t  r e s u l t  i s  c ros s l ink ing  whereas i f  chzin s c i s s i o n  i s  
predominant, the? polyxer degrades. P01>;1:~-.:~a which c ross l ink  
upon i r r a d i a t i o n  include polyethylene,  polyFido2ylene, polystyrene,  
po lyacry la tes ,  polyvinyl ch lor ide ,  polyanides and polyes te rs .  
Polymers which degrzde upon i r r a d i a t i o n  include polyisobutylene,  
polymethacrylates,  polyvinylidene ch lor ide ,  po ly t e t r a f luo ro -  
e thylene,  polytrifluorochloroethylene and the cel l .ulosics .  
(It should be mentioned t h c t  r a d i a t i o n  techniques involving the  
use o f  polyf'unctional monomers i n  conjunction w i t h  r a d i a t i o n  
reverse  the  noma1 course o f  degradation i n  many o f  the l a t t e r  
-5- 
8 cases and result in crosslinking. ) 
The exact path by which radiation-Induced 
crosslinking/scission reactions occur has been the subject of 
much discussion, The generally accepted mechanism Involves 
the reaction of free radicalsg 
have a l s o  been postulated. Furthermore, recent work on the 
irradiation of simple organic compounds allows one to postulate 
a mechanism for polymer crosslinking involving carbenes . 
1.4 
l0,ll although Ionic mechanisms 
12 
-- Memo7 of Irradiated Polyethylene 
Irradiated (crosslinked) polyethylene possesses the 
Interesting property of elastic memory. 
it is similar to the unlrradiated polymer; however, above its 
nornal  Tm, irradiated polyethylene behaves as an elastomer. 
deformation of the polymer in the rubbery state will indu- o e  an 
elastic response; removal of this stress at the elevated tenpera- 
ture will be followed by recovery or relaxation. 
A t  ambient temperatures, 
Thus, 
However, if the polyethylene is cooled in the deformed 
I 1  state, crystellizatlon will occur and result in a 
or retention of the deformed shape. If the deformed specimen 
is subsequently heated above the normal Tm of the polyethylene 
( l e e . ,  crystalline melting), the restraints on the specimen's 
memory are removed and it restores to the shape It possessed 
locking-in" 
during irradiation. 
The elastic memory of irradiated polyethylene has been 
briefly referred to in the literature by Charlesby,6 
Cook, l3 and Chapiro .7 However, fundamental information 
regarding the parameters which effect and control this elastic 
Lanza and 
memory is not available, 
-6- 
1.5 Scope of Work 
We have performed, under Contract N sr-78 with the 
National Aeronautics and Saace AAmlnlstratlon, an exploratory 
study In to  the  memory phcnomenon. Thls study, although funda- 
mental Ecnd empir ical  i n  na ture ,  has been geared t o w m d  an 
uneerstandlng of meth=rc"ls t h a t  would allow a d a p t a b i l i t y  of the 
pkenomixn t o  goss lb l e  use i n  e r ec t ab le  space s t r u c t u r e s .  I n  
p r i n c i p l e ,  t h e  memory e f f e c t  should allow the  prepara t ion  o f  com- 
packiy folded golymer s!iapes and s t r u c t w e s  which can be t r a n s -  
ported i n t o  space. 
a f t e r  a rT iva l ,  a predeternined shape and s t r u c t u r e  cou ld  be 
obtained . 
By the app l i ca t ion  o f  heat  (from t h e  sun)  
This  work has been zeared t o  a s i xdy  of 
1. The mgni:L:<e of the r e s t o x t i o n  f o r c e s  exer ted 
by deformed polymers d u r i n g  the  process of  r e s t o r a t i o n  t o  t h e  
undeformed (non-stressed)  s t z t e .  
degree o f  completeness wi th  which r e s t o r e t i o n  2. The 
(memory) occurs . 
3. The 
mlnimum temye-r.ati 
co r?d i t lons  which are required t o  change the 
r e  a t  whi2h complete r e s t o r a t i o n  can be e f f ec t ed .  
T!:e pa rame tex  which con t ro l  these  a spec t s  o f  the 
memory e f f e c t  and which were s tudied are 
1. Polyethylene p rope r t i e s .  
2. Radlation dose.  
3. Cefornation condi t ions.  
4. Cooling (mexory " locking-in")  cond?.tions. 
5 .  Restorat ion conCitions.  
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2*0 MATERIALS AND SAMPLE PREPARATION 
2.1 Materials 
Many polyetmlene grades were studied during the course 
of this investigation. 
properties are listecl in Table 2.1. 
ethylene-butene polymers are both referred to I n  this report as 
"polyethylene homopolymers,") 
Vexar polyethylene mesh studied, and their physical properties. 
Table 2.3 lists copolymers of' ethyl acrylate or vinyl acetate 
with polyethylene which were used, 
The polyethylene homopolymers and their 
(Polyethylene and poly- 
Table 2.2 indicates the grades of 
Table 2,1 
Polyethylene Grade6 Evaluated for  Memory Study . 
fin x loo3 3 x loo3 Melt . 
I Index 
W 
Density 
Gradea (Rm,/cc e )  (OC.1  
Alathon 14 
Alathon 15 
Alathon 7010 
Alathon 70 0 
Alathon 7511 
Epolene E-lg 
Grex 50-025 
Hi-Fax 1901 
Marlex 5003b 
Marlex 6002 
Alathon 70 2 0 
G ~ x  50-050b 
108 
111 
132-135 
132-135 
132-135 
132-135 
105-110 
131-132 
131-132 
129-131 
124 
127 
22-26 
15 
13-14 
11-12 
15-20 
15-20 
I 
7 a 6  
6-7 
1 -20 
- 
1 2 
800-1000 
500 
160 
105 
88 
150-175 
2 m 5  
130 
70-80 
> 2000 
188 
171 
a 
The Alathon grades are manufactured by DuPont, Grex by W,R, Grace, 
HI-Fax by Hercules, Epolene by Eastman Chemical, an8 Marlex by 
PhillipS 
~ 
b 
These grades contain small amounts of butene-1 as copolymer. 
The Grex materials contain 2.5-3s and the Yarlex cam 5% butene-1. 
Table 2.2 
Vexar Mesh Polyethylene Evaluated f o r  Memory Study 
a 
All mate r i a l s  a r e  manufactured by DuPont 
b 
Shape o f  ho les  = diamond 
Polyethylene Copolymers Evaluated f o r  Memory Study 
Melt Tm Density 
Gradea Comonomer Composition Index ( O C  ) gm./cc .) 
DPDB-6169 15s e t h y l  a c r y l a t e  5 -7 N A ~  0.931 
DQDA-3270 23.3$ e t h y l  a c r y l a t e  15 
DXQ,D-0457 14,6$ e t h y l  a c r y l a t e  19.8 
Zetaf in  30 e t h y l  ac ry la t eb  2 - 5  MA 0.928 
NA 
XA NA 
DOA-7268 e n  C = .5$ v iny l  a c e t a t e  c a ,  300 59-61 NA 
70-73 
26.4% vir.yl a c e t a t e  16.6 63-68 NA DQDA-3269 
a 
A l l  obtained from Union Carbide except Ze taf in  30 from Dow. 
b 
Composition no t  a v a i l a b l e  
C 
NA = Not Available 
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Except f o r  Althons 15, 7010 and 7030, a l l  of t he  
polymer grades descr ibed i n  Table 2.1 were s tudied i n  the form of 
moulded s h e e t s  (see Sect ion 2.2 f o r  moulding procedures) , 
Plathons 7010 and 7030 were employed i n  the form of 17-19 m i l  
extruded s h e e t s  as  supplied by DuPont; Alathon 15 as  52 m i l  tape.  
Marlex 5003 was used i n  the  form of both moulded and extruded materia 
Extruded Marlex 5003 was supplied as 23 m i l  sheet  by P h i l l i p s ,  
Except f o r  the  thickness  study (Sect ion 4.1.2,6), a l l  moulded 
shee ts  were employed i n  the  thickness  range o f  55-60 m i l .  
extruded tape was 52 m i l  a s  indicated above, no attempt was made 
t o  compensate f o r  t h i s  thickness  d i f f e rence  and the  Alathon 15 
r e s u l t s  have been compared d i r e c t l y  with those of the  slightly 
t h i c k e r  moul6ed shee t s .  
The 
The polyethylenes described i n  Table 2.2 were a l l  
extruded Vexar polyethylene mesh specimens supplied by DuPont 
and having varied thicknesses  and mesh s i z e s .  They were employed 
t o  s tudy the r e s t o r a t i o n  behavior of a mesh s t r u c t u r e ;  high,  
medium and low dens i ty  grades being included. These mesh grades 
a r e  shown i n  Figure 2.1 
The polyethylenes described i n  Table 2.3 a r e  a l l  
copolymers containing more than 14% of a comonomer ( e i t h e r  
a c r y l a t e  o r  a c e t a t e )  t h a t  so f t ens  the  polymer. They were 
employed t o  study t h e  e f f e c t  of copolymer composition on the  
memory e f f e c t .  
o the r  copolymers were experimental a t  the  time of t h i s  work. 
These ma te r i a l s  were moulded (Sect ion 2 .2 )  i n t o  60 n i l  shee ts .  
Moulded s h e e t s  of 120 m i l  th ickness  were supplied by Union Carbide. 
Except f o r  DPDB-6169 and Zetaf in  3C;, a l l  of the 
-10- 
f-
D-4/4-30-90-PE-3 
D-3/3-60-90-PE-l 
D-l/l-100-90-PE-l D-6/6-20-90-PE-3 
FIGURE 2.1 Various Grades of Vexar Polyethylene Mesh 
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2*2 Moulding of Polymer Sheets 
The moulding of polymer shee ts  (8x5 inches)  of the 
polyethylenes l i s t e d  I n  Table 2.1 was performed employing a 
Pasadena Hydraulics moulding prees  (containing i n t e r n a l  hea t e r s  
and a water cool ing system), s t a i n l e s s  n t ee l  p l a t e s  (9x6 Inches OD) 
and chases (9x6 inches OD, 8x5 inches I D ) ,  The upper and lower 
p l a t t e n s  of t h e  p re s s  were heated t o  30O-35O0F. and the des i red  
amount of p e l l e t s  (25 g. f o r  25 m i l  shee ts ,  45 g. f o r  50 m i l  and 
100 g. f o r  150 m i l )  was placed on one p l a t e  of the mould and held 
wltnin the  confines  of t he  chase. The second p l a t e  was placed 
over  t he  mater ia l  and the  e n t i r e  mould pleced i n  the  p re s s  and 
held under 1000 pounds. pressure for 5 minutes a t  the  moulding 
temperature. The pressure was then Increased t o  23,000 l b s .  I n  
increments of  5000 pounds. 
t he  pressure was re leased  t o  zero l b s ,  and then b u i l t  up t o  
the  next l e v e l ,  A t  t he  23,000 pound l e v e l ,  t he  pressure was 
re leased  and b u i l t  up again t o  23,0000 pounds and held f o r  
5 minutes a t  the moulding temperature. The pressure was reduced 
t o  1000 pounds a t  the end of t h i s  per iod and the system cooled 
t o  room temperature by running water through the  p l a t t e n s  of 
the press .  
f o r  t he  mernoiy s tudies .  
2.3 I r r e d i a t i o n  of Samples 
As each 5000 pound l e v e l  was reached, 
The sample was then removed from the  mould and used 
A l l  i r r a d i a t i o n s  except t he  low dose-4.3 Mrads- 
i r r a d i a t i o n s  were performed using a 1.5 Mev GS Eigh Voltage 
Engineering Corp,' Van de Graaff e l ec t ron  acce le ra to r .  I r r a d i -  
a t i o n s  were performed i n  a i r  by placing the  samples on d r y  i c e  
( t o  prevent hea t ing)  on t rays  which, i n  tu rn ,  sat  on a moving 
b e l t  that passed hack and f o r t h  under the  13 inch scanned beam 
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of the  acce le ra to r .  Two Mrads were de l ivered  t o  the sur face  
of the polyethylene spac.imens with each pass  under the beam. 
(The t i n e  i n t e r v a l  between r a d i a t i o n  gasses  var ied from 
20 aecovlda t o  1-1/2 minutes depending on the t o t a l  number of 
samples being i r r ac? i i t ed  a t  ar.g one tine.) 
t o  the sample increaaes  with beam pene t r a t ion  througn successive 
l a y e r s  of the sample due t o  seccnGary Ioniza t ion .  Th i s  i s  taken 
i n t o  account and a uniform eoss 1s del ivered  t o  a l l  p a r t s  of our  
samgles by t u rn ing  the sanples o v m  a f t e r  one-half of  the desired 
t o t a l  dose had been de l ivered  . 
The dose de l ivered  
The 4,3 Mrad samples were i r r a d i a t e d  under n i t rogen  
using the Co-60 ga.:nva i r r a d i a t o r  a t  R a d l a t i m  Applications Inc.  
The doses fox- the CO-60 IrradiatZGns were determined 
5y f e r rous  s u l f a t e  doslmetry; thoae fo;. e l e c t r o n  a c c e l e r a t o r  
i r r a d i a t i o n s  by c e i l u l o s e  and polyvinyl  chiorlcle film dosimetry. 
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EXPERIMENTAL PROCEDURES 
The experimental work on t h i s  p r o j e c t  involved the 
determination of  t h e  res2ora t ion  behavior of deformed polymer 
specimens, Specimens were heated, deformed by bending i n  h a l f  
and folc?ing t o  the desired angle of deformation while hot ,  and 
then cooled (quenched) t o  "freeze" them i n t o  t h e i r  deformed 
shape, 
shapes was performed by rehea t ing  and the ex ten t  of r e s t o r a t i o n ,  
the r e s t o r a t i o n  f o r c e s  and o t h e r  r e s t o r a t i o n  behaviors were 
Ses to ra t ion  of t he  deformed specimens t o  t h e i r  undeformed 
observed. 
3.1 
301.1 - Ceformation Conditions 
Def in i t ions  of Experimental Tenns - and CoRditions 
The temperature a t  which the  specimen Is  kept p r i o r  
t o  Its beirrg deformed i s  defined as the deformation temperature,  
The time during which t h e  specimen i s  kept a t  the deformation 
temperature i s  def ined a s  the deformation time. 
temperature and deformation time a r e  defined as the deformation 
The deformation 
condi t ions ,  
The development of transparency i n  i r r a d i a t e d  poly- 
r ep resen t s  a convenient po in t  f o r  c l a s s i f y i n g  the ethylene14 
type of deformation performed. 
maintained a t  a defoimation temperature above the Tm of  t h e  
un i r r ad ia t ed  polymer and becomes t ransparent ,  t he  process  i s  
c a l l e d  a Transgarency deformation, This I s  also r e fe r r ed  t o  
a s  "T" d e f o r m t i o n  I n  t h i s  r e p o r t ,  When the t a s t  specimen 
i s  maintained a t  deformation temperature below the polymer Tm, 
and remains opaque, the process  i s  c a l l e d  a Non-Transparency 
deformation. This i s  a l s o  referred t o  a s  "NT" deformation, 
When the t e s t  specimen i s  
-14- 
Deformation Angle 
When a test specimen i s  bent during the deformation 
3.1.2 - 
process  ( a f t e r  being subJected t o  the deformation cond i t ions ) ,  
i t  i s  changed i n  shape f r o m  a f l a t  t o  an angular  s t r i p ,  
d i f f e rence  between the angle of t he  f l a t  s t r i p  ( ze ro  degrees of 
deformation) and the  deformed specimen i s  defined a s  the 
deformation angle . 
The 
Deformation Angle 
3.1.3 Deformation Quench 
After deformation the t e s t  specimen i s  cooled t o  lock 
i n  the memory. Cooling i s  accomplished by e i t h e r  immersion i n  
cold water  o r  maintaining i n  a i r  a t  room temperature. 
cold water quench has been gene ra l ly  used i n  t h i s  work. 
processing of "memory locking" i s  c a l l e d  the deformation quench. 
A r ap id  
T h i s  
Restoration Conditions 
Af te r  deformation and quenching, the specimen I s  
3.1.4 -- 
allowed t o  restore, i . e ,#  exhibit  i t a  memory, T h i s  involves  
hea t ing  above ambient f o r  some l ength  of  time. 
a t  which the sample is heated, a f t e r  i t  has been deformed, i s  
def ined as t h e  r e s t o r a t i o n  temperature. The time the specimen 
I s  kept a t  the r e s t o r a t i o n  temperature i s  defined a s  t h e  r e s to -  
The temperature 
r a t i o n  time. The r e s t o r a t i o n  temperature and r e s t o r a t i o n  time 
a r e  def ined a s  the  r e s t o r a t i o n  condi t ions.  
301.5 Standard Conditions 
I n  view of the l a r g e  number of  experimental  parameters 
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involved i n  s tudylng the  memory e f f e c t ,  It has been found 
convenient and des i r ab le  t o  def ine a s e t  of standard condi t ions-  
one f o r  T deformations and the  o ther  f o r  NT-which have been 
employed i n  most experiments. 
tha t  i s  the only var iab le  which i s  changed from these  def ined 
standard condi t ions,  If more than one of these paraineters a r e  
changed a t  one time, then t h i s  1s s p e c i f i c a l l y  s t a t e d .  The 
standard condi t ions a r e  defined as follows: 
When one parameter i s  under study, 
Polyethylene Grade: Grex 50-050 
Moulded Sheets  
Sample Dimensions: 
Radiation Dose: 61 Mrads 
Def ormatlon: 8 0 O C . / l  hr ,  (NT) 
Defomnatlon Angle: 1800 
Sharp Radius of Curvature 
Deformation Quench: 15oC./15 sec 
Restorat ion Temp,: 140OC, 
Restorat ion Time : Variable 
1 cm. wide x 7 cm. long x 55-60 m i l  
t h i ck  
140oC./to 5 min. (T) 
The reasons f o r  these s p e c i f i c  choices  of NT and T 
s tandard condi t ions a r e  ind ica ted  below: 
( a )  Grex 50-050 was chosen s ince  it i s  of intermediate  
number average (gn) and weight average (q) molecular weight and 
contains  a small percentage of butene-1 a s  comonomer. 
presence of butene-1 aids i n  s t r e s s  crack r e s i s t ance .  
f a c t o r  i s  of importance i n  t h i s  s tudy where deformation i s  a 
prime f a c t o r .  
while o the r  grades were employed pr imar i ly  f o r  comparison, o r  
t o  determine the  e f f e c t  of a s p e c i f i c  polymer parameter. 
The 
The l a t t e r  
T h i s  polyethylene grade was thoroughly s tudied,  
(b) Moulded shee ts  were genera l ly  employed because of 
ease of prepara t ion  and a v a i l a b i l i t y  of  ma te r i a l s ,  
( c )  To conveniently measure the  degree of r e s t o r a t i o n  
and the r e s t o r i n g  force ,  it was necessary t o  choose specimen 
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dimensions t h a t  would give r e a d i l y  d i ace rn ib l e  values ,  
Preliminary r e s u l t s  ind ica ted  t h a t  t e s t  samples 7 cm. i n  length  
allowed deformation angle t o  be r e a d i l y  d i s c e r n i b l e ;  t he  1 cm, 
width and 55-60 mil th ickness  allowed a mass of  reasonable 
dimensions and s i z e  t o  be moved. 
(a) A r a d i a t i o n  dose of 61 Mrads was s u f f i c i e n t  t o  
allow the memory e f f e c t  t o  be p resen t  and s tudied  under T o r  
NT deformation condi t ions,  but was not  so l a r g e  a s  t o  cause 
cracking during experimentation, nor t o  ( t h e o r e t i c a l l y )  g r e a t l y  
reduce the c r y s t a l l i n i t y .  
( e )  Deformation Conditions 
(1) Non-Transparency (NT) : 80°c,/1 hr, 
A deformation temperature of 80Oc.  was employed 
f o r  NT deformations s ince  i t  allowed only p a r t i a l  c r y s t a l l i n e  
melting, bu t  was s u f f i c i e n t  t o  allow s a t i s f a c t o r y  deformations, 
t o  be performed. The time i n t e r v a l  of one hour was s u f f i c i e n t  
t o  allow thermal equi l ibr ium of the t e s t  specimens t o  be 
a t t a i n e d ,  Preliminary experiments i nd ica t ed  in te rmedia te  
r e s t o r i n g  f o r c e s  a f t e r  t h i s  deformation temperature. 
(2) Transparency (T): 14OoC./5 minutes 
The 140OC. temperature is above the Tm of no t  
only Grex 50-050 but  of a l l  the polyethylene grades employed 
i n  t h i s  study. Five minutes a t  t h i s  temperature was s u f f i c i e n t  
time f o r  allowing t ransparency t o  occur. 
( f )  A deformation angle  of 180° was employed s ince  i t  
allows f o r  the most extreme type of deformation v i a  bending 
alone. 
(g )  All of the deformed polyethylene specimens were 
bent i n  h a l f  so that  e s s e n t i a l l y  a 1800 angle  i s  obtained. The 
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i n n e r  po r t ions  of the  specimen were i n  a s t a t e  of compression 
and the o u t e r  po r t ions  i n  a s t a t e  of tens ion ,  All samples were 
bent sharply and considered t o  have a sharp r ad ius  of  curva ture  
( lee . ,  the diameter a t  the i n s i d e  of the apex is equal t o  o r  less 
than the specimen's thickness  - see Figure 3.1). 
(h) The quenching o r  locking i n  of  the memory of  the 
deformed specimen was accomplished by cooling i n  a 15'C. water 
ba th  f o r  15 seconds, This allowed rapid cool ing of the deformed 
specimens and was convenient , 
(i) A r e s t o r a t i o n  temperature of 140°C, allowed 
r e s t o r a t i o n  t o  occur t o  completion regardless of the deformation 
condi t ions ,  
( j )  The r e s t o r a t i o n  time varied depending upon o t h e r  
parameters; however, i t  was always s u f f i c i e n t  t o  allow an event 
t o  occur; i , e , ,  p a r t i a l  r e s t o r a t i o n  with no f u r t h e r  determinable 
change, o r  attempted r e s t o r a t i o n  with o r  without success. 
var ied  from seve ra l  seconds with r e s t o r a t i o n  fo rce  measurements, 
It 
t o  seve ra l  weeks with degree of r e s t o r a t i o n  measurements. 
Standard condi t ions  were employed f o r  experiments i n  
which one of  t h e  parameters (a t o  J )  were under study. 
from standard condi t ions  were common, p a r t i c u l a r l y  i n  prel iminary 
Var i a t ions  
experiments , 
3.2 Experimental Techniques 
3.2.1 Deformation 
Samples of dimensions 1 cm. width and 7 cm. l e n g t h  were 
placed i n  a s i l i c o n e  oil bath  a t  t he  desired temperature and 
allowed t o  e q u i l i b r a t e .  When the  deformation was t o  t ransparency 
(T) ,  t he  deformation time was gene ra l ly  2-5 minutes a t  140OC. 
When the deformation was t o  non-transparency (NT) , the deformation 
time was one hour a t  the t e s t  temperature below Tm (40°C., 6OoC., 
80Oc., o r  1 0 0 O C . ) .  
while hot  by fo ld ing  t o  the des i r ed  angle and sharp r a d i u s  of  
curvature .  A p a i r  of tongs o r  forceps  was employed t o  perform 
Samples were then removed and r ap id ly  deformed 
the bending of  the specimen; the  deformation l o c a t i o n  was always 
2 cm, from one end of  the sample. After deformation, samples 
were quenched i n  cold water f o r  15 second8 a t  l 5 O C .  
3 a 2 o 2  Degree of Res tora t ion  
Deformed specimens were placed i n  a s i l i c o n e  oil bath 
maintained a t  the des i r ed  temperature ( 140°C.) . 
occurred and the decrease i n  the degree of deformation from an 
i n i t i a l  angle  of deformation of 1800 w a s  observed v isua l ly  over 
the desired t i m e  i n t e r v a l  by l a t e r a l l y  p l ac ing  the specimen 
aga ins t  the p r o t r a c t o r ,  The l a t t e r  was sometimes kept i n s i d e  
t h e  l i q u i d  bath; sometimes the specimen was removed and placed 
a g a i n s t  it. 
occurr ing slowly o r  was complete. 
Res tora t ion  
Removal was performed only when r e s t o r a t i o n  was 
Some r e s t o r a t i o n  tests were a l s o  performed i n  an a i r  
oven a t  14OoC, Some experiments were a l s o  performed with the 
r e s t o r a t i o n  being performed l a t e r a l l y .  Normal r e s t o r a t i o n  
behavior  was observed t o  occur  under these condi t ions.  The 
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dens i ty  of the  r e s t o r a t i o n  l i q u i d  was not  a f a c t o r  i n  t h i s  
measurement ( o r  the r e s t o r i n g  fo rce  measurement) as shown by 
t h e  f a c t  t h a t  t h e  s i l i c o n e  oil (d25 = 0.960) could be replaced 
by 2-ethyl hexanol (d25 = 0.833) t o  y i e l d  i d e n t i c a l  r e s u l t s .  
3 2 . 3  Restoring Force 
The r e s t o r i n g  force  was determined by a method which 
involved moving o r  l i f t i n g  of a mass (o r ,  i n  g rav i ty ,  l i f t i n g  a 
weight) by the deformed specimen as  i t  res tored .  
cons i s t ing  of f l a t  lead  s t r i p s ,  were (genera l ly)  of the  same 
l e n g t h  and width as the upper p a r t  of the deformed specimen 
( i . e . ,  1 cm. x 5 cm.) . 
t h e  upper l eng th  of the sample by means of a copper p i n  and c l i p .  
( This c o n s t i t u t e s  a mass-apex d i s t ance  (i.e., t h e  d i s t ance  from 
the c e n t e r  of the  mass t o  t h e  apex of the  sample) of 2.5 cm.) 
The sample was then placed on a metal s tand and i n  t u r n  held i n  
p lace  by a clamp loca ted  1 cm. from the apex. 
apparatus  was placed i n  a s i l i c o n e  ba th  a t  the des i r ed  tempera- 
t u r e  and the r e s t o r a t i o n  behavior observed. The experimental  
apparatus  acd procedures are shown i n  Figures  3.1 and 3.2, 
re spe c t i v e l y  . 
The massea, 
They were a t tached  and held i n  p lace  on 
The e n t i r e  
Res tora t ion  was considered t o  have occurred when the 
sample l i f t e d  i t s e l f  and the a t tached  mass completely over  t h e  
apex ( i .e*,  > goo angle)  , consider ing the apex as a r e l a t i v e l y  
f ixed  poin t .  Experiments were continued u n t i l  t h e  maximum mass 
t h a t  could be moved was obtained,  The experimental p o i n t s  of 
maximum mass moved and minimum mass no t  moved were obtained t o  
within a t  l e a s t  lO$ of each o t h e r  f o r  NT deformations. 
values were less p r e c i s e  f o r  T deformations ( see  Sec t ion  3.3) . 
These p o i n t s  were then determined 8t  least  twice, and many 
The 
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FIGURE 3.1 Experimental Setup (Holder , Deformed Sample , and 
Lead Weight) for Measuremen t of Restoring Force 
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F.IGURE 3.2 Experimental Procedure for Measurement of Restoring Force 
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experimental p o i n t s  were rechecked i n  t r i p l i c a t e  and quadrupl ica te ,  
As the  amount of  appl ied  mass is cont inua l ly  increased,  
the a b i l i t y  o f  the deformed specimen t o  move ( o r  " l i f t")  it 
decreases;  eventual ly ,  a mass i s  appl ied on the specimen t h a t  is 
too g r e a t  t o  be moved, and r e s t o r a t i o n  does not  occur. 
p r a c t i c e ,  t h e  average value between the  maximum mass moved and 
the minimum mass not  moved is obtained. The experimental value 
obtained is a m a x i m u m  mass (gm.) moved by a specimen of  s p e c i f i c  
dimensions. 
t o  the apex (i.e.,  the  mass-apex d i s t ance )  i s  known, m u l t l p l i -  
c a t i o n  of this value by the maximum mass moved will give a 
moment value (gm.-cm.). I n  the repor t ,  r e s t o r i n g  fo rce  d a t a  is 
given i n  both grams moved and in r e s t o r i n g  moment (pa -cm. ) .  
l a t t e r  d a t a  has been c a l l e d  r e s t o r i n g  force .  The ca l cu la t ed  
moments do not  include the con t r ibu t ion  due t o  the r e s t o r i n g  
sample l i f t i n g  i t s e l f .  This  value is very small, the specimen 
por t ion  i t s e l f  weighing less than 0.5 gms. 
3.2.4 Densi ty  
In 
Since t h e  d i s t ance  (cm.) of the  cen te r  of  the mass 
The 
From time t o  time during the course o f  t h i s  i n v e s t i -  
ga t ion  i t  became d e s i r a b l e  t o  have a knowledge of the degree of 
c r y s t a l l i n i t y  of  the polymers being t e s t ed .  
of ob ta in ing  t h i s  measurement, the dens i ty  of  tes t  specimens 
was obtained. 
employed f o r  c r y s t a l l i n i t y  s t u d i e s  have r ecen t ly  been d i s c ~ s s e d . ~ )  
The experimental  method employed involved the  suspension 
As a rap id  means 
(The l i m i t a t i o n s  of various experimental methods 
of p e l l e t s  or s e c t i o n s  of  the polyethylene shee t  i n  water, 
followed by t i t r a t i o n  wi th  methanol u n t i l  t h e  polyethylene 
remained suspended ( a t  a cons tan t  temperature of 25OC.) in the 
r e s u l t i n g  s o l u t i o n  for a t  least  30 minutes. The s p e c i f i c  g r a v i t y  
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of  the s o l u t i o n  was then determined by means of a Fischer- 
Davldson g r a ~ i t 0 m e t e r . l ~  
were reproducible  t o  - 0.003 gm./cc. 
The measurements of  polymer dens i ty  
+ 
By determining the polymer dens i ty  i n  this manner, 
i t  has been shown t h a t  appreciable  changes I n  the apparent 
polyethylene dens i ty  do not  occur upon moulding sheets from 
p e l l e t s .  The d e n s i t i e s  of  a l l  specimens tested remain t h e  same 
t o  within f 0.005. 
measured i n  t h i s  manner. 
des t roy  polyethylene c r y s t a l l i n i t y  a f t e r  500 Mrads. 6b 
dose tested i n  t h i s  study was 200 Mrads and t h i s  t es t  apparent ly  
i n d i c a t e s  n e g l i g i b l e  c r y s t a l l i n i t y  l o s t  a t  tha t  dose; the r e s u l t  
is i n  good agreement wi th  the l i t e r a t u r e .  The r e s u l t s  of the 
polymer dens i ty  determinat ions on var ious specimens are l i s t e d  
i n  Table 3.10 
The e f f e c t  of r a d i a t i o n  has a l so  been 
Radiation has been reported t o  completely 
The highest 
6 
Table 3.1 
Densitya of VariGus Polyethylene Grades a f te r  Various 
Radiation Doses 
r r a d i a t e d  - Unirradiat  ed 
Sample P e l l e t s  Sheet 6 1  M r  . 104 M r .  12.3 M r .  245 Mr. 
Alathon 14 
Alathon 15 
Alathon 7010 
Alathon 70 0 
Grex 50-050 
Alathon 70 2 0 
DPDB 6169 
Zeta f in  30 
0.911 - 
0 . 962 
0 949 
0,918 - 
0.920 - 0.919 0,922 
0.955 - 0,951 
0,955 0.955 9 
0,955 - 0.950 
- 0.956 0.958 
0.918 
0 928 
0.934 
0.932 
- 
0.958 
0 . 922 
0.921 
0.9 3 
a 
Density = gm./cc. 
This  experimental approach was also employed t o  
determine whether an appreciable  dens i ty  change occurred i n  
T and NT deformed polyethylene. Test  specimens from the po r t ions  
of the deformed polyethylene i n  both tens ion  and compression were 
placed i n  water and t i t r a t e d  wi th  methanol u n t i l  the pe l l e t  
remained suspended. 
d e n s i t y  between the  d i f f e r e n t  regions of thc3 dcformzd polyethylene. 
It i s  t o  be pointed Out, however, t h a t  a f t e r  T deformation, a 
lower dens i ty  was observed r e l a t i v e  t o  the o r f g l n a l  densi ty .  
This i n d i c a t e s  that  r e c r y s t a l l i z a t i o n  a f t e r  T deformation i s  not  
The experiments i nd ica t ed  no d i f f e rence  i n  
as ordered a s  a f t e r  i n i t i a l  moulding o r  a f t e r  NT deformation. 
These r e s u l t s  a r e  ind ica ted  i n  Table 3.2. 
-25- 
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3.3 Limitat ions 
3.3.1 Deviation f r o m  Rigid-Body Behavior 
3.3.1.1 Angle Measurements 
The measurement of t h e  angle of deformation f o r  NT 
r e s t o r a t i o n s  was r e l a t i v e l y  simple. However, when r e s t o r a t i o n  
was c a r r i e d  out  such tha t  transparency developed, the specimen 
was no longer  r i g i d  and the  angle  measurement was complicated. 
Thus, t he  buoyant fo rce  o f  the r e s t o r a t i o n  bath f l u i d  tended t o  
impart a curvature  t o  the r e s to red  specimen. Completeness of 
r e s t o r a t i o n  was a sce r t a ined  i n  such in s t ances  by removing the  
r e s to red  specimen from the ba th  and observing i t s  angle of 
deformation. 
i.e., the sample was i n  i t s  o r i g i n a l  f l a t  shape once transparency 
occurred. 
T r e s t o r a t i o n  r e s u l t s  i n  e s s e n t i a l l y  complete r e s t o r a t i o n .  
( Throughout t h i s  r epor t ,  the  terms " e s s e n t i a l l y  complete 
r e s to ra t ion ' '  and ''complete r e s t o r a t i o n "  are used interchangeably 
t o  i n d i c a t e  r e s t o r a t i o n  which is complete t o  wi th in  ca. lo of 
deformation angle ) 
3.3.1.2 Rer , tor ing  F o x e  Measurements 
Th i s  value was always observed t o  be zero degrees,  
A s  will become evident  from the d a t a  i n  Sec t ion  4.0, 
The experimental measurement of r e s t o r i n g  fo rce ,  a s  
performed i n  t h i s  study, involves  t h e  movement of a mass by 
a l e v e r  arm about a "hinge" ( i .e . ,  the deformed por t ion  of the 
polyethylene) .  When the maximum mass that can be moved by the 
deformed specinen has been determined, the r e s t o r i n g  moment i s  
ca l cu la t ed  by mult iplying t h i s  value by the mass-apex d i s t a n c e  
(i.e., the d i s t ance  from the bend t o  the c e n t e r  of the mass). 
Certain assumptions are implied i n  this type of  measurement. These 
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a r e  tha t  (1) the  deformed sec t ion  of t he  bend behaves a s  a 
t r u e  f ixed  hinge, (2 )  the  ma te r i a l  behaves i n  a manner i d e n t i c a l  
t o  t ha t  of  a r i g i d  l e v e r  arm, and ( 3 )  the r e s t o r a t i o n  media 
does not  a f f e c t  the r e s t o r a t i o n  behavior, I n  a c t u a l i t y ,  the f irst  
two assumptions are no t  completely cor rec t .  Indeed, it was seen 
i n  the previous Sect ion (3.3.1.1) t h a t  the  r e s t o r a t i o n  media 
can impart a curvature  t o  the polyethylene specimen a f t e r  i t  has 
become t ransparent ,  d e s p i t e  a thickness  o f  55-60 m i l ,  High 
dens i ty  polyethylene,  while r i g i d  i n  t h i c k  (ca ,  50 m i l )  pieces 
a t  ambient temperatures,  I s  very f l e x i b l e  i n  t h i n  (ca ,  10 mi l )  
sl ices.  Low dens i ty  polyethylene is f l e x l b l e  even i n  t h i c k  
50 m i l  strips, h r t h e r m o r e ,  r ega rd le s s  of e i the r  th ickness  
o r  dens i ty ,  polyethylene becomes less r i g i d  as it is heated 
and approaches i t s  Tm, 
elastomer above i t s  Tm, 
two ways a f f e c t i n g  t h e  l e v e r  arm, The l e v e r  arm i s  not  always 
rigid but  i s  o f t e n  "floppy" In nature ,  and samples sometimes 
showed an increase  i n  r a d i u s  of curvature  upon r e s t o r a t i o n ,  
Irradiated polyethylene is a f lexible  
T h i s  f l e x i b i l i t y  manifests  i t se l f  I n  
Under s tandard condi t ions,  two types of behavior 
upon r e s t o r a t i o n  occuryed with masses a t tached  t o  the samples, 
Specimens deformed under NT condi t ions r e s to red  by l i f t i n g  
s t r a i g h t  up from the apex, while those deformed under T 
condi t ions r e s to red  by an apparent r o l l i n g  and l i f t i n g  ac t ion ,  
This  l a t t e r  type of r e s t o r a t i o n  was accompanied by an increase  
i n  the r ad ius  of curvature  a t  the apex, The lack  of r i g i d i t y  
i n  the  l e v e r  arm was observed under the  following three s e t s  
~ 
of condi t ions;  
( a )  I n  high dens i ty  NT deformed specimens, when the 
-28- 
mass on the sample was considerably g r e a t e r  than the maximum 
which could be l i f t e d ,  t h e  load caused a bowing of the l e v e r  
arm. [Since these  condi t ions  d i d  not  y i e l d  any des i r ed  experi- 
mente.1 da ta ,  they were not  o f  Importance i n  t h i s  studyJ 
S ign i f i can t  d a t a  was obtained only when t he  mass was i n  the 
v i c i n i t y  of t he  maximum and the  l e v e r  am remained r i g i d .  
(b )  I n  low dens i ty  NT deformed specimens, when the 
load was i n  the approximate v l c i n l t y  of the  maximum, bowing 
genera l ly  occarred . 
( c )  A r ad ius  of  curvature  increase  a t  the apex was 
observed upon r e s t o r a t i o n  of  all T defamed spc imens ,  r ega rd le s s  
of com?osition o r  densi ty .  This  occurred a s  a r e s u l t  of T 
deformation r equ i r ing  transparency f o r  r e s t o r a t i o n ,  and was 
preva len t  when t he  mass on the specimcn was i n  the v i c i n i t y  of 
t he  maximum t h a t  could be moved. (See Figure 3.3). 
A c r i t i c a l  eva lua t ion  of t he  da t a ,  which i s  given 
i n  Sect ion 303.2, i n d i c a t e s  t ha t  d e s p i t e  t he  lack of r i g i d  
behavior under some t e s t  condi t ions,  t h e  d a t a  i s  a u f f i c i e n t l y  
accurate  t o  10-158. 
It i s  of  importance t o  consider  the con t r ibu t ion  t o  
the t o t a l  work performed by t h e  r e s t o r i n g  specimen i n  overcoming 
t h e  viscous Crag of the ba th  l i q u i d  on t h e  aoving specimen leg  
and a f f ixed  weights. 
t o  determine the  mag-rlitude of t h i s  work, based on t h e  use of 
Stokes law16 
We have performed c a l c u l a t i o n s  i n  o rde r  
f o r  the viscous o r  laminar flow of s p h e r i c a l  
-29- 
FIGURE 3.3 Radius of Curvature Change During Measurement of 
Restoring Force 
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p a r t i c l e s  : 
where F = r e s i s t ance  offered by the  l i q u i d  
d 
D = dipmeter of spher ica l  body 
u = v iacos l ty  of l i q u i d  
v = ve loc i ty  of body r e l a t i v e  t o  l i q u i d  
It should be noted that Stokes law holds f o r  sphe r i ca l  
p a r t i c l e s ;  s ince  the  r e s to r ing  specimen was a rec tangular  
para l le lopiped  and not a sphere, an approximation had t o  be 
made. Several  ways of expressing D a re  pcss ib le .  One could 
express D as the  
1. diameter of a sphere of  surface a rea  equal  t o  t h a t  
of  the  top por t ion  of t he  specimen rec tangular  paral le lopiped,  
2. d i a n e t e r  of  a sphere of  equivalent  volume, 
3. l ength  of t he  top por t ion  of the  specimen, 
Calculat ions were performed using a l l  t h r e e  approxlma- 
t i ons .  
approximations t o  be approximately 100 dyne-cm, T h i s  i s  q u i t e  
small and is negligible compared to the work involved I n  the 
moving of t he  a f f ixed  weights. Because of t he  small con t r ibu t ion  
The monent due t o  Fd was ca lcu la ted  f o r  a l l  t h r e e  
of F t o  the t o t a l  r e s t o r a t i o n  work, more r e f ined  ca l cu la t ions  
of Fd were not performed, 
3.3.2 
d 
-- PmcisPon and Accuracy o f  Restor ing Force Measurements 
(a )  %Deformation 
The prec i s ion  of the r e s t o r i n g  forces f o r  NT defor-  
mation was ascer ta ined  by checking the  r e s u l t s  i n  a l a r g e  number 
of i d e n t i c a l  experiments. Under s tandard NT condi t ions,  t he  
r e s t o r i n g  fo rce  f o r  Grex 50-050 varied from 290 t o  335 gm.-cm,, 
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with the average being about 315 gm.-cm, ( ca ,  i8$). 
Other condi t ions  of t e s t i n g  a f te r  NT deformation were 
Additional f a c t o r s  involved i n  this t e s t i n g  a l s o  inves t iga t ed ,  
a r e  
(1) t h e  cen te r  of the mass-apex d is tance ,  
(2 )  r e l a t i v e  dimensions of the mass and sample, and 
(3) r e l a t i v e  d i s t ance  of t h e  edge of t h e  mass from 
the apex. 
All of the experiments described i n  t h i s  r e p o r t  Involve 
a mass-apex d i s t ance  of 1.5-2.5 cm. (rnzinly 2.5 cm.), a mass and 
a specimen of e s s e n t i a l l y  the same dimensions, and the coincidence 
I of the edge of t h e  mass and the apex during t e s t i n g .  These, 
however, a r e  a r b i t r a r y  condi t ions  choasn for convenience. 
was of importance t o  determine the e f f e c t ,  i f  any, of changing 
these  parameters on t h e  r e s t o r i n g  moment value obtained,  
It 
Table 3.3 shows the r e s u l t s  of t e s t s  i n  which these 
parameters were changed, 
var ied  from 2.5 t o  5.0 cm., the mass l eng th  was var ied  r e l a t i v e  
t o  the spec inen ' s  s i z e ,  and t h e  mass edge-apex d i s t ance  was 
var ied  froin 3 cm, (co inc ident )  t o  4 cm. A l l  other t e s t i n g  
condi t ions  were s tandard,  It is seen tha t  r a s t o r i n g  fo rce  
values  vary somewhat under the v a r i e t y  of condi t ions  employed. 
The average value i s  300 f 20 gm.-cm. ( lee . ,  6.7% p r e c i s i o n )  , 
It i s  concluded, therefore ,  tha t  the moment law i s  v a l i d l y  applied 
here, and t h a t  the values  obtained f o r  r e s t o r i n g  fGrce a r e  
accura te  t o  ca ,  +lo$, A s ini lar  study w i t h  t h e  l e s s  r i g i d  
Alathon 15 y ie lded  s i m i l a r  r e s u l t s  as regards the  v a l i d i t y  of 
The mass center-apex d i s t ance  was 
I t h e  moment law and the p rec i s ion  of the r e s t o r i n g  fo rce  measure- 
ment s 
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(b) -- T Deformation 
A measure of  the p rec i s ion  of t he  T deformation 
technique f o r  Grex 50-050 was obtained employing mass-apex 
d i s t ances  o f  1.55-1.60 ca. and 5.0 cm. ( I n  the  l a t t e r  case,  
the masses d i d  not  extend across  t h e  e n t i r e  l eng th  of  the 
specimen, bu t  a mass edge-apex d i s t ance  of  4,O cme was present . )  
The r e s u l t s ,  shown i n  Table 3.4 i n d i c a t e  t h e  moments t o  be 
10.3 -f: 0.7 gm,-cm. (78 p r e c i s i o n ) ,  and 7.6 =k 0.7 gm.-cm. (9% pre-  
c i s i o n )  r e spec t ive ly  f o r  the two masu-ay;ex d is tances .  I n  both  
cases ,  d e s p i t e  t he  r a d i u s  of curvature  change, reproducible  
r e s u l t s  t o  ca. +-lo$ a r e  obtained. 
moments vary by ca. 2.5% f o r  t he  two mass-apex d i s t ances  o f  
1.6 and 5.0 cm. may mean t h a t  the momest law I s  not  a s  v a l i d  f o r  
T measurements as  f o r  KT due t o  the more f lex ib le  na ture  of  the 
polymer under the former condi t ions.  
be due, simply, t o  t h e  f a c t  tha t  t h e  measurement of  the smal le r  
T r e s t o r i n g  moments i s  less accu ra t e iy  measureda 
The f a c t  t h a t  t he  r e s t o r i n g  
The discrepancy may also 
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Table 3,4 
Accuracy of Mas8 Movement Experiments f o r  T Deformation 
Polyethylene Grade: 
Smple Dimensions : 
Sample Dimemions : 
Radiation Dose: 
Deformation: 
Deformation Angle: 
Deformation Quench: 
Restorat ion Temp.: 
Mass Apex Distance: 
Mass Apex Distance: 
Moulded 
1 cm. x 
1.6 cm. 
150°C ./3 
180° 
15°C./15 
14ooc 0 
Grex 50-050 
7 cm, x 55-60 mil f o r  
10 cm. x 55-60 m i l  f o r  
m l n .  (T) 
sec 
- - Masa-Apex Distance: %,6 cm, Mass-Apex Cistance: . ,- 5.0 cm. 
mss kaas 
Resto- Bnployed Resto- Z:yyed r a t i o n  (E!!*) r a t i o n  
8,22 No 3.11 No 
6.14 No 2,li No 
4.00 Yes 1,65 Yes 
5.27 Yes 1.86 No 
5.89 Yes 1,86 N9 
6.03 Yes 1.65 1f0 
6,11 Yes 1.51 No 
6.15 Yes 1.51 No 
6,21 Yes 1.25 Yes 
No 1.51 No 
Yes 1.51 Yes 
No 1,86 No 6. 8 
6.48 Yes 1.86 No 
6.87 Yes 
6.87 Yes 
2:;; 
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4.0 EXPER IIWIdTAL RESULTS 
4 ,1  Polyethylene Homopolymer and Poly2thylene-Butene 
4.1.1 Degyee o f  Res tora t ion  
Polymer 
The degree of r e s t o r a t i o n  of i r r a d i a t e d  polyethylene 
was s tudied  a s  a func t ion  of t he  var ious parameters discussed 
i n  Section 3.1. 
this da ta ,  un less  otherwise noted. 
below. 
4.1.1,l Deformation Conditions 
Stzndard condi t ions were employed t o  ob ta in  
The r e s u l t s  a r e  discussed 
I 
I 
The e f f e c t  of t he  deformation condi t ions on the  degree 
of r e s t o r a t i o n  was s tud ied  by varying the  deformation temperature 
over  40-14OoC. It was observed that, regardless of the tempera- 
t u r e  a t  which d e f o m a t l o n  was performed, the  degree of  r e s t o r a t i o n  
was always complete i f  t he  r e s t o r a t i o n  temperature was above the 
Tm of the u n i r r a d i a t e d  polymer. 
t u r e  nor  the deformation time a f f e c t  the degree of' r e s t o r a t i o n .  
However, t h e  t o t a l  r e s t o r a t i o n  behavior i s  a f f e c t e d  by t h e  
Nei ther  t he  deformation tempera- 
I deformation temperature , The lower the deformation temperature, 
t he  more r a p i d l y  does r e s t o r a t i o n  begin; as the deformation 
temperature i s  increased (from 400C,), the onse t  of r e s t o r a t i o n  
is delayed. 
condi t ions,  the t i m e  i n t e r v a l  between immersion i n  the hot 
environment and the beginning of r e s t o r a t i o n  i s  g r e a t e s t  
Regardless of t h i s  e f f e c t ,  con t ro l l ed  by the deformation 
condi t ions,  r e s t o r a t i o n  is always e s s e n t i a l l y  complete under 
otherwise standard condi t ions ,  These r e s u l t s  a r e  b r i e f l y  
shown i n  Table 4.1. 
When deformation is performed under transparency 
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Table 4.1 
Deformation Tcnperature Effec t  on Degree o f  Restorat ion 
iolyethylene Gracle: Moulded Grex 50-050 
Smp1.e Dimensions: 
R a d i a l i m  Dose: 61 Krads 
De f o n~ t i on : 1 hour 
Deco r inat ion Angle: 1.80~ 
Dei'ormt-Lm Quench: 15W./15 sec 
RestorztLoli Temg . : 140° 
Restorat ion Tlme: t o  1 hour 
1 em. x 7 an. x 55-60 m i 1  
De f o  ririet Lcn 
Tenperatme Rpstorat ion - Comments 
40 
80 
140 
Coxplete Begin:: immecZately 
Coxglete Epgiils  1.a-ter t k a r i  4OoC . sample 
CmnS l e t e E e g i x  l a t e  (2-2 rh.);  
I, < 10 ;:sconds) 
shoytijr before  transparency 
I k i z r x l i a t e d  polyethylece cai? be c?zforr,ied a t  tempera- 
t u r e s  below i t s  T ( i o e e ,  4 0 - 1 2 0 O C O ) ;  tpon being piaced i n  a rn 
hot  environxent a t  1400C0, t hese  specixiens begin t o  r e s t o r e  . 
However, r e s t o r a t i o n  i s  incomplete, and melt ing of t e s t  specimens 
occurs a s  they apprcach 140OC. (i.e., t he  polymer Tm) . 
4.1.102 -7.- Ree5cratI.m Conditions 
( a )  Temperature o f  Res tora t ion  
The effec t o f  r e s t o r a t i o n  coafc-tions was studicb 
by performing t e s t s  over  the 40-14O0CO tempe-ature range. The 
r e s t o r a t i o n  t3ne was allowed t o  be long  eno-igh so  t h a t  thermal 
equi l ibr ium between the  sample and enviro.ment was e s t ab l i shed ,  
and, ther)efore, i t  did not  become a f a c t o r o  
The r e s t o r a t i o n  temperature was found t o  be of profound 
importance i n  c o n t r o l l i n g  the degree of resto:-ation of  NT 
deformed polyethylene. Res tora t ion  begins t o  occur over t he  
e n t i r e  t e s t i n g  temperature range. However, the  degree of  
completion i s  g r e a t e r  a s  the r e s t o r a t i o n  temperature i s  
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increased. For r e s t o r a t i o n  t o  be complete, the  environmental 
r e s t o r a t i o n  temperature must be above the  Tm of the un i r r ad ia t ed  
polymer. 
res toya t ion  temperature on the  degree of r e s t o r a t i o n  of NT 
deformed, nigh dens i ty  Grex 50-050 polyethylene. It I s  seen 
t h a t  coxpls te  r e s t o r a t i o n  occurs a t  1 4 O o C ,  but not a t  12OoC. 
o r  lower. Res tora t ion  i n  a l l  these  cases  begins almost 
immediately. 
deformaticn tenpera ture ,  
Table 4.2 and Figure 4 , l  show the e f f e c t  of the 
It proceeds t o  d i f f e r e n t  ex ten t s  con t ro l l ed  by t h e  
When Alathon 15, low dens i ty  polyethylene,  i s  t e s t e d  
In a s i m i l a r  manner, i t  i s  observed t h a t  r e s t o r a t i o n  i s  e s s e n t i a l l y  
complete a t  12OoC., but  not a t  30°C. 
polyethylene i s  lO5OC, 
The Tm of t h i s  low dens i ty  
T deformation (140OC.) was ztt ldied i n  a similar 
manner with Grex 50-050 (Table 4.3). 
t u r e s  employed were 40-140 C.  
The r e s t c r a t i m  tempera- 
0 It was oSserved tha t  r e s t o r a t i o n  
d i d  not  occur a t  the lower r e s t o r a t i o n  temperatures.  As the 
r e s t o r a t i o n  temperature i s  r a i sed ,  no change occurred u n t i l  the  
T was apgro&zhed. The onset  of res tcTat ion  occurred s l i g h t l y  
below the  Tm, 
When r e s t o r a t i o n  d i d  occur, i t  d i d  not  begin immediately; the 
approaching of thermal equl l ibr lwn wi th  the  environment was 
requi red ,  
transparency occurred and r e s t o r a t i o n  was com>lete, 
m 
Res tora t ion  was complete only above the polymer Tm. 
It was only a t  temperatures g r e a t e r  than t h e  Tm t h a t  
UaLrra2.iated Grex 50-050 polyet3ylene vas a l s o  t e s t e d  
i n  a s i m i l a r  fashion t o  determine t h e  res 'coration temperature 
e f f e c t  on the  degree of  completion of  r e s t o r a t i o n .  
deformation condi t ions  were employed t o  prevent complete melting 
Standard NT 
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Table 4.2 
Restoration Temperature Effec t  on Degree of Restorat ion 
Polyethylene Grade: Moulded Grex 50-050 
Sample Dimensions: 
Radiation Dose: 61 Mrads 
Deformation : 80OC./l hr.  (NT) 
Deformation Angle: 1800 
Deformation Quench: 15OC. /15  sec ,  
he s t o  ra t  ion Degree of 
Temperature ( O C .  ) Res t o r a t  ion  Comments 
1 cm. x 7 cm. x 55-56 m i l  
40 
60 
80 
120 
140 
part ia l  
partial  
r e s t o r a t i o n  t o  900 angle i n  
l e s s  than 2 minutes; sax8 
after hoursa 
r e s t o r a t i o n  t o  45-50° angle 
i n  less than 2 minutes; 
same af te r  hours 
par t ia l  r e s t o r a t i o n  t o  45-500 angle 
i n  less than 2 minutes; 
same af te r  hoursb 
I n  less than 2 minutes; 
same af te r  hoursc 
p a r t i a l  r e s t o r a t i o n  t o  25-30' angle 
complete r e s t o r a t i o n  i n  l e s s  than 
5 minutes; e s s e n t i a l l y  
complete a t  transparencyd 
a 
b 
C 
d 
unlrradiat ed 
unl r rad la ted  
unlrradlated 
un i r r ad ia t ed  
spscimen r e s t o r e s  t o  ca. 1050 angle 
specimen r e s t o r e s  t o  ca.  40O anzle  
specimen r e s t o r e s  t o  ca. 20' anzle  
specimen melts. 
-3s- 
160 
n 120- 
RESTORATION 
I I I I I I I 
0 OMRADS 
0 61MRADS 
- 
FJGURE 4 . 1  Res tora t ion  Temperature Effec t  on Degree of Res tora t ion  
of Grex 50-050 (NT) 
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Table 4,3 - 
Restoration Temperature Effec t  on Degree o f  Restorat ion 
Polyethylene Grade: Moulded Grex 50-050 
Sample Dimensions: 
Radiation Dose : 61 Mrads 
Def oma t ion :  14OoC0/1 hr ,  ( T )  
Deformation Angle: 1800 
Deformation Quench: l5OC,/l5 sec.  
Restorat ion Degree of  
Temperature (OC , ) Restorat ion Comments 
1 cm, x 7 cm, x 55-60 m i l  
Restoration Time: 1 - la hours 
40 
80 
120 
140 
none 
none 
p a r t i a l  
e s s e n t i a l l y  
complete 
n3 change in deformation 
no change i n  deformation 
angle 
angle 
r e s t o r a t i o n  t o  about 
1100 angle i n  5 minutes; 
no f u r t h e r  change i n  hrs. 
r e s t c r a t i o n  i n  less than 
5 minutes 
-41. - 
during deformation. It was observed t h a t ,  a s  wi th  i r r a d i a t e d  
polyethylene,  the degree o f  r e s t o r a t i o n  i s  dependent upon t k e  
r e s t o r a t i o n  temperature. The r e s t o r a t i o n  temperature dependency 
on the  degree of r e s t o r a t i o n  I s  e s s e n t i a l l y  i d e n t i c a l  f o r  
i r r a d i a t e d  and un i r r ad ia t ed  specimens ( see  Figure 4.1).  
( b )  Restorat ion .-_I_ Medium 
Although t h e  degree o f  r e s t o r a t i o n  i s  independent of  t he  
deformation condi t ions,  i t  i s  h-tgNy dependent on the  temperature 
o f  r e s t o r a t i o n .  The qJes t ion  n a t u r a l l y  a r i s e s  a s  t o  whether t h e  
environmental media durlng r e s t o r a t i o n  t e s t i n g  i s  a f a c t o r  i n  the 
r e s u l t s  obtained, The nature  o f  t h e  l i q u i d  employed was shown 
t o  be immaterial, a t  l e a s t  throughout the dens i ty  range s tudied ,  
by s u b s t i t u t i n g  s i l i c o n e  o i l  (dZ5 = 0.960) f o r  2-ethyl hexanol 
(dZ5 = 0,833) and obta in ing  i d e n t i c a l  r e s u l t s ,  
I d e n t i c a l  experiments were a l s o  performed by hea t ing  
deformed sarrqies i n  an oven a t  the  same temperature of t h e  l i q u i d  
ba th  ( 14OoC ,) , This  approach had t h e  disadvantage o f  r equ i r ing  
a longer  time for heat ing  (due t o  slower hea t  t r a n s f e r )  and f o r  
r e s t o r a t i o n  t o  occur,  It had the advantage o f  more c l o s e l y  
simulating t F A 3  p r a c t i c a l  end use method o f  hea t ing  t h e  specimen 
i n  space, It vas observed tha t  r e s t o r a t i o n  was always e s s e n t i a l l y  
complete over  a mat te r  of minutes. 
Differences between T and NT dsfo..%ed specimens were 
apparent on the  b a s i s  of t h e  time required f o r  r e s t o r a t i o n  t o  
begin, NT deform?? specimens (s tandard c o n d i t i c m )  o f  Grex 50-050 
began t o  r e s t o r e  immediately i n  the 140@C, oven, were about 8% 
complete i n  3-5 minutes while remaining non-transparent and were 
e s s e n t i a l l y  complete I n  10-15 minutes, a t  which time transparency 
occurred, The specimen arm remained r i g i d  during t h e  i n i t i a l  
-42- 
80% r e t u r n  s ince  l i t t l e  o r  no c r y s t a l l i n e  melting occurred 
during t h a t  I n t e r v a l .  
d i d  no t  begin t o  r e s t o r e  f o r  about 5 minutes ( t h e  time required 
f o r  the  specimen t o  reach equi l ibr ium wi th  i t s  environment) . 
Restorat ion then occurred over  another  5-10 minute i n t e r v a l ,  
a f t e r  which i t  was e s s e n t i a l l y  complete. The specimen arm d i d  
not remain completely r i g i d  during r e s t o r a t i o n .  The d i f f e r e n c e s  
I n  behavior imparted t o  the polyethylene under var ious deformation 
condi t ions  became apparent,  t he re fo re ,  under e i t h e r  t h e  l i q u i d  
ba th  o r  a i r  oven methods o f  inducing r e s t o r a t i o n .  It I s  notable  
t h a t  NT deformed specimens a r e  over  80% r e s to red  by the  time 
T deformed specimens begin t o  r e s t o r e .  
T deformed specimens (s tandard condi t ions)  
I n  a c t u a l  p r a c t i c e  f o r  space e rec t ab le  s t r u c t u r e  
app l i ca t ions ,  r e s t o r a t i o n  would be brought about by the use o f  
a degradable coa t ing  tha t  would i n i t i a l l y  absorb heat  t o  enable 
r e s t o r a t i o n  t o  occur, and then would I t se l f  degrade. Much 
research  has been, and is presen t ly  being performed on p o t e n t i a l  
coat ings f o r  this purpose i n  the space environment. S tudies  I n t o  
methods of controlling temperatures on objects in space 17-19 
and on the degradation of polymers I n  space 19021 
s u b s t a n t i a l  recent  progress  I n  t h i s  area.  
4.1.1.3 Radiation Dose 
I n d i c a t e  
The e f f e c t  of r a d i a t i o n  dose on the  degree of 
r e s t o r a t i o n  of Grex 50-050 was studied over  t h e  0-184 Mrad 
range. 
that the r a d i a t i o n  dose does not  in f luence  the degree of 
r e s t o r a t i o n  f o r  a polyethylene possessing a Ew a t  least  7O,OOO. 
Regardless of t h e  r a d i a t i o n  dose, a t  o r  above 12 N r a d s ,  r e s to -  
The r e s u l t s ,  given i n  Table 4.4 and FiGure 4.2, i n d i c a t e  
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Radiation Dose Dff'ect cn Degree of Res tors t ion  
Polyethylene clmde : Moulded Grex 50-050 
S m p l e  Dimensions: 1 cm. x 7 cm. x 55-60 m i l  
Defoimation: 80°C./l hr .  (NT); 14OoC./l hr .  (T)  
Def'crmation Anp::le: 1800 
Deformation k%.ench: 15°C ./15 sec . 
Restora t ion  Time: 1-3 days 
Radiat ion Res tora t ion  Tenperature ( W  . ) 
Dose 40 - 7 0  120 140 
8OoC . DEKRMATION TSMPERATm (NT)  
0 
12 
61 
123 
3 .3 ! .  
90 
11.5 
90 
40 
40 
45 
30 
30 
ll-!-O°C. DEFCRMLLTION TEMPERATURE (T)  
180 
180 
20 
25 
25 
20 
20 
melts 
complete 
complete 
comp l e  t e 
complete 
180 ca. 60 complete 
180 ca. 20 complete 
180 ca. i o  complete 
180 ca. 10 complete 
20 40 60 80 100 120 140 
RESTORATION TEMPERATURE (OC .) 
FIGURE 4.2 Radia t ion  Dose Effect  on Degree of Res to ra t ion  of 
Grex 50-050 a t  8OoC. Deformation Temperature 
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r a t i o n  i s  always e s s e n t i a l l y  complete a t  1 4 O O C .  f o r  both 
T and NT deformations. However, when the polyethylene molecular 
weight was 2500, even 6 1 ~ r a d s  was i n s u f f i c i e n t  t o  allow 
r e s t o r a t i o n  t o  occur ,  Th i s  is discussed i n  Sect ion 4.1.1.56 
Unlrradlated conkrols,  t e s t e d  under r e s t o r a t i o n  teinperatures 
below the  Tm, behaved si-milar t o  i r r a d i a t e d  specimens . I I 
I 
The e f f e c t  of lower  r a d i a t i o n  doses (4 12Mrads) 
on the degree of restoraation was s tuc i ed  a t  one experimental 
p 0 l n t - 4 ~ 3  Nrads, 
under s tandard condi t ions,  d i d  not  rest3rf coq? le t e ly .  The 
tes t  specimens r e s to red  a a r t i a l l y  a f t e r  1 minute ( t ransparency 
occurred on r e s t o r a t i o n )  but  ( a )  the  hump imparted during the 
deformation process  remained, and (b )  narks  on t h e  polyethylene 
due t o  the  pressure  of the  force2s  em2loyed during +,he deformation 
process  t o  hold the sample d i d  not  disappear ,  
above the  development of transparency always e l imina te s  the hump 
and any forceps  inden ta t ions  t h a t  may be present.)  
were exac t ly  the  same a f t e r  30 minutes, long a f t e r  t ransparency 
developed. 
i n d i c a t e s  t h z t  a permanent deformation o f  s i g n i f i c a n t  propor t ion  
has been imparted t o  t h e  polyethylene.  S u f f i c i e n t  c ros s l ink ing  
f o r  the  development o f  t r u e  elastomeric  behavior i s  absent .  
Similar  observat ions regarding incomplete r e s t o r a t i o n  were made 
a s  a r e s u l t  of s t r e t c h i n g  4.3 Mrad Grex 50-050 and Marlex 6002. 
Res tora t ioa  was incomplete . 
Gyex 50-050, deformsd and r e s to red  a t  14OoC. 
(At 3.2 Mrads and 
Resul t s  
The f a i l u r e  o f  the  hump and forceps  marks t o  disappear  
It may be concluded tha t  4.3 Mrads a r e  s u f f i c i e n t  t o  
allow p a r t i a l  r e s t o r a t i o n ,  but  i n s u f f i c i e n t  t o  allow complete 
r e s t o r a t i o n .  Twelve Mrad polyethylene does allow r e s t o r a t i o n  
I -46- 
t o  he complete under i d e n t i c a l  condi t ions ,  
y i e l d  over 50% g e l  ( l . e e ,  inso luble  f r a c t i o n )  while 4.3 Mrads 
give about 25$ gel ,  
essentially complete r e s t o r a t i c n  t o  occur l a  within t h i s  range .) 
(S ince  1 2  Mrads 
8 t he  c r i t i c a l  gel region f o r  allowing 
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4.1.1.4 C r y s t a l l i n t t x  
The e f f e c t  of polyethylene c r y s t a l l i n i t y  on the  
degree of r e s t o r a t i o n  was observed by stzdying the  memory of 
polyethylenes of varying dens i ty  arid c r y s t a l l i n e  melting po in t  
(Tm)under standard NT deformation cond'tions. 
condi t ions,  only p a r t i a l  c r y s t a l l i n e  melting occurs p r i o r  t o  
deformation and t h e  na ture  of t he  r e s t o r a t i o n  process can be 
expected t o  depend pr imar i ly  on the  i n l t i a l  polymer c r y s t a l l i n i t y .  
Under these  
The da ta ,  shown i n  Table 4,5 and Figure 4.3, i n d i c a t e s  
t h a t  the degree of r e s t o r a t i o n  I s  very s i g n i f i c a n t l y  influenced 
by the  polymer dens i ty  and c r y s t a l l i n e  melting po in t  both of 
which a r e  a measure o f  the polymer c r y s t a l l i n i t y .  It i s  seen 
t h a t  t h e  r e s t o r a t i o n  i s  complete if the r e s t o r a t i o n  temperature 
i s  above the  T, o f  t he  uni r rad ia ted  polymer, 
temperature i s  lower f o r  low dens i ty  than f o r  high d e n s i t y  
polyethylene. 
r e s t o r a t i o n  i s  only p a r t i a l .  Thus, low dens i ty  polyethylenes 
r e s t o r e  t o  a g r e a t e r  ex ten t  than high dens i ty  grades a t  a 
s p e c i f i c  temperature. It i s  of i n t e r e s t  t o  note tha t  the 
medium dens i ty  (0 ,939)  Ki-Fax 1901 r equ i r e s  the same r e s t o r a t i o n  
temperature as the  high dens i ty  (0.96) polyethylenes due t o  i t s  
T 
The r e s t o r a t i o n  
A t  r e s t o r a t i o n  temperatures below t h e  normal Tm, 
being of the same order  a s  the l a t t e r .  m 
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Table 4,5 - 
Density Ef fec t  on t h e  Degree of Restorat ion 
Moulded 
Sample Dimensions: 
Radiation Dose: 61 Mrads 
De f orn-.at i m  : 
Cefornation Angle : 1800 
Deformetion Quench: 15OC ;/15 sec.  
Restorat ion Temp.: 14OOC. 
Restorat ion T i m :  t o  24 hours 
1 cm. x 7 cm, x 55-60 m i l  
8O0C./l hr.  (E) 
Rcr;tc;.ation 
40 80 
Defamation Angle ( 0) 
T Polymer Grade Density m 
--- (pfl./cc.) (OC.) -. -- 
Alathon 1.4 
Alathon 1.5 
Hi-Fax 1901 
Grex 50-059 
Marlex 5003 
Alathon 7OiCO 
Alathon 7511 
MaTlex 6002 
0 914 108 70 15 
0.917 111 70 15 
0.939 129-131 190 45 
0.950 131-132 95 45 
09950 2 4  1;5 30 
0.957 132-135 3.20 45 
0.960 132-135 11.5 40 
0.960 127 110 40 
0 0 
0 0 
35 0 
25 0 
20 0 
20-25 0 
2@ 0 
25-30 0 
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0 0.95 gm./cc. 
A 0.957 gm./cc. 
a 0.96 gm./cc. 
RESTORATION TmPERATURE (OC 
FIGURE 4 . 3  Density Ef fec t  on t h e  Degree of Res to ra t ion  
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4.1.1.5 I i i t i a l  A Molecul.ar Weight 
The e f f e c t  of polyethylene molecular weight on t h e  
degree of  r e s t o r a t i o n  was s tudied by t e s t i n g  many polyethylene 
grades (of  d i f f e r e n t  molecular weight) eq:Loying standard 
T deformation condi t ions.  I n  t h i s  manner, complete c r y s t a l l i n e  
melting occurs p r i o r  t o  deformation and complete c r y s t a l l i n e  
melting must occur a second time p r i o r  t o  r e s t o r a t i o n .  This  
implies t h a t  molecular weight w i l l  be the  predominant f a c t o r  
i n  the degree of  r e s t o r a t i o n .  The polymer dens i ty  can be 
expected t o  be a minor f a c t o r  i n  such a tes t .  
It was observed t h a t  r e s t o r a t i o n  was always e s s e n t i a l l y  
complete for polyethylenes of Rw = 70,000 o r  a.bove. The r e s to -  
r a t i o n  temperature was, n a t u r a l l y ,  above t h e  normal polymer Tm 
(14OoC.). 
of polymer molecular weight i n  t h i s  range. The next lowest 
polyethylene molecular weight t e s t e d  was 2500 
T h i s  polymer could not  be deformed s a t i s f a c t o r i l y  a s  i t  melted. 
The degree of r e s t o r a t i o n  is, t he re fo re ,  independent 
(Epolene E-10) . 
Presumably, w k n  the  molecular weight i s  th2s low, even a 
radiation dose of61 Nrads is Insufficient t o  g ive  an extensive 
gel  network c. 
Exploying lower r e s t o r a t i o n  temperatures ( 40-120°C .) , 
the na ture  o f  the r e s t o r a t i o n  process  f a r  a l l  these  polymer 
grades (except that  of 2500 molecular weight) was observed 
t o  be s i m i l a r  t o  T deformed Grex 50-050. Restora t ion  d i d  not  
begin t o  occur unless  the r e s t o r a t i o n  teberatv.A-z approached 
the  v i c i n i t y  of  t he  Tm. 
I n  Table 4.6. 
The r e s u l t s  o f  t h i s  work a r e  ou t l ined  
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Table 4.6 
Molecular Weight Effect  on the  Degree of Restorat ion 
Moulded 
Sample Dimensionu: 
Radiation Dose : 61 Mrads 
Def o m s t i c n  : 
Deformation Angle: 1800 
Deformation Quench: 15OC,/15 sec. 
Restorat ion Temp. : l!lO°C. 
Restoration Time: t o  17 hours 
1 cm. x 7 cm. x 55-60 mil 
14OoC, /5  min, (T) 
-3 Rekto ra t im  Temp, (0C.l 
10-3 ~i 10 2-9 80 120 140 
E?'D rgxti on Angl e ( D )  n 
Polymer Grade 
Epolene E-10 2-5  
Gre:: 50-050 70-80 
Alathon 7040 88 
Mariex 6002 171 
Marlex 5003 188 
500 
800~-1000 > 2000 
Alathon 1 
Alathon 1 
Hi-Fax lgGl 
Aiatnon 7511 150-175 
2 
- I - I melts  
6 -7 180 180 135 0 
11-12 180 180 180 0 
1 -20 ieo  180 180 0 
180 180 180 0 
180 180 180 0 11 
15-20 180 1.80 0 0 
22-25 180  SO o 0 - 183 180 120-125 0 
1 2 
4.1.1.6 Low Temperature Ageing o r  Storage 
A c h a r a c t e r i s t i c  of i r r a d i a t e d  NT deformed polyethylene 
i s  i t s  a b i l i t y  t o  "creep" or p a r t i a l l y  r e s t o r e  on s torage  a t  
ambient temperatures (T deformed polyethylene does not  e x h i b i t  
th i s  phenomenon,) The lower the  defonr,atior? temperature the  
more pronounced t'n3.s e f f e c t ,  For exaxple with a deformation 
temperature of 35OC. f o r  Grex 50-050, 70% r e s t o r a t i o n  can occur 
i n  four  days; the  degree of r e s t o r a t i o n  a t  ambient temperature 
a f t e r  t ha t  time f o r  ca. 7OoC. deformation i s  wI;roximately 50$. 
The data i n  TaSle 4.7 and Figure 4.4 i n d i c a t e  :;h* magnitude 
of t h i s  e f f e c t  f o r  various polymers under var ious deformation 
conditions.  The e f f e c t  i s  most pronounced i n i t i a l l y  and then 
t ape r s  o f f .  Increased r a d i a t i o n  dose had no e f f e c t ,  Grex 50-050 
I r r a d i a t e d  t o  123 Mrads and Alathon 15 i r r a d i a t e d  t o  123-245 Mrads 
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Table 4.z 
Restorat ion a t  Ambient Temperature 
Moulded 
Sample Dimensions: 1 crn. x 7 cm. 
Radiation Dose : 61 Mrads 
x 55-60 m i l  
De f onnat ion : 1 hour 
Deformation Angle: 1800 
Deformation Quench: 15OC, /15  sec 
Restoration Temp. : Ambient 
Polymer Grade Temp. (OC.) Time Angle ( 0 )  
Defonnation Hestoration De f ormat Ion 
Grex 50-050 35 I n i t i a l  
1 min, 
4 days 
180 
60 
130 
Alathon 15 35 I n i t i a l  
1 min. 
4 days 
I n i t i a l  
1 min. 
4 days 
7 days 
180 
50 
20 
Marlex 5003 74 I n i  t 1 a1 
1 mln. 
4 days 
9 days 
180 
150 
100 
95 
Marlex 6002 74 I n i K a l  
1 rnln. 
4 days 
180 
140 
90 
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fIGURE 4.4 Restoration at Ambient Temperatures of NT Deformed 
61 Mrad Grex 50-050 
The time span between (a) and (c) is 5 minutes. 
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behaved s i m i l a r  t o  the 61 Mrad samples described i n  Table 4.7. 
This  phenomenon was of importance when long term 
ageing i s  considered. 
experimentation minimized o r  e l imiaated the problem.) 
end, low temper3ature s torage  was inves t iga ted .  This  was performecr 
experimentally by deforming specimens under s tandard condi t ions,  
followed by s to rage  i n  a f r e e z e r  a t  -10 t o  -PjoC. ,  and i n  an 
acetone-dry i c e  environment ( - 7 8 0 ~ ~ ) .  
could e i t h e r  be re ta rded  o r  prevented from occurr ing when s to red  
a t  these  tem?eratures, The g r e a t e s t  resto:?ation occurred during 
the i n t e r v a l  between the  completion of deformation and the 
e q u i l i b r a t i o n  o f  the t e s t  specimen w i t h  the  co ld  environment. 
These r e s u l t s  a r e  shown i n  Table 4.8 
s torage  a s  a means of reducing o r  elirnlnating creep (i .e. ,  r e s t o -  
r a t i o n )  of  aged, deformed specimens is a promising technique. 
(For r e s t o r i n g  fo rce  measurements, r ap id  
To t h i s  
It was observed that "creep" 
The use of low temperature 
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m ?.a.b le  4.8 - 
Low Temperature Storage Ef fec t  on Degree of Res tora t ion  
f o r  r e s t o r a t i o n  
Res tora t ion  ( s to rage )  a t  
Time -10 t o  
I h r s . )  Ambient -l5OC, - 7 8 O C  . 
Moulded 
Sample DZmeneions: 
Radiat lon Dose: 51 Mrado 
Deformt ion:  72OC./l hr.  (NT) 
DeformatLon Angle: 180° 
Deformation Quench: 
Res tora t ion  Time: Days 
1 cm. x 7 cm. x 55-60 m i l  
15OC ./15 sec  . 
re s t o r a t i o n  
( s t o r a g e )  a t  
-10 t o  
Ambient - 1 5 O c .  
Grex 5O-05Oa Alathon 1.5 
Deformt ion  Angle (0) Geformation Angle (0) 
-.-- - 
0 
1 
2 
16 
24 
87 
240 
180 180 180 - 180 - 180 115 110 
100 - 180 
95 - 180 
180 
165 180 
90 - 
180 180 
115 140 
i10 140 
105 140 
100 140 
100 140 - - 
a 
After storage a t  - 1 5 O C .  o r  -78OC.  f o r  10 days, the polyethylene 
specimens (Grex 50-050) r e s t o r e  t o  e s s e n t i a l  completion i n  
< 1 minute z t  1 4 0 O C .  
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4. le l .7  Moulding and Extrusion-Induced Memory - -
Moulding and extrusion-induced memory a r e  well-known 
phenomena i n  polyethylene and a number of o t h e r  polymers. 22-26 
Thus, the  ex t rus ion  o r  moulding of  polymers under c e r t a i n  
condi t ions can l ead  t o  f ab r i ca t ed  m a t e r i a l s  which a r e  " s t r a ined"  
o r  s t r e s sed . "  Subsequently, these  r e l i e v e  themselves of t h e i r  
uns tab le  s i t u a t i o n s  and, thus,  give r i s e  t o  d i s t o r t e d  and deformed 
ma te r i a l s .  
I t  
The moulded m a t e r i a l s  s tud ied  i n  this work d id  no t  
exhibit  any memory e f f e c t s  due t o  the moulding process .  However, 
extrusion-induced memory was observed t o  be a complicating f a c t o r  
f o r  extruded Alathons 7010 and 7030 and Narlex 5003. Thus, 
a t tempts  t o  T deform extruded, un i r r ad ia t ea  Alathons 7010 and 
7030 were abor t ive ,  and r e s u l t e d  i n  shrinkage ( i f  t h e  specimen 
was cu t  p a r a l l e l  t o  t he  l i n e  of  ex t rus ion )  o r  e longat ion ( i f  
t h e  specimen were c u t  perpendicular  t o  t h e  l i n e  of' ex t rus ion ) .  
NT deformations could be performed without complication; however, 
r e s t o r a t i o n  o f  these  specimens r e s u l t e d  i n  shrinkage or e longat ion  
analogous t o  t h e  T deformation at tempts .  
I r r c d i a t e d  (61 Nrads) specimens of  Alathon 7010 and 
7030 were success fu l ly  T and NT deformed without t h e  occurrence 
of shrinkage o r  e longat ion ,  However, these  deformed specimens 
d i d  not  r e s t o r e  t o  t h e i r  exac3 undeformed shape; specimens c u t  
p a r a l l e l  t o  the l i n e  of  ex t rus ion  formed a "C"-shaped a r c  and 
shrunk approximately 5O$ i n  width while specimens c u t  perpendicu- 
l a r  t o  t h e  l i n e  of ex t rus ion  formed a wider a r c  and d i d  n o t  
appear t o  shr ink.  
Unirradiated,  extruded Marlex 5003 a l so  exhib i ted  
extrusion-induced memory on hea t ing  ( i n  a t tempts  t o  T deform o r  
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r e s t o r e )  but t h e  e f f e c t  was l e s s  pronounced, Specimens of 
Marlex 5003 i r r a d i a t e d  t o  61 Mrads d id  not  e x h i b i t  the  
ex t rus ion  memory phenomenon and t h e i r  behavior was normal. 
Thus, i t  appears t h a t  t h e  ex t rus ion  process  can be con t ro l l ed  
(Marlex 5003 vs ,  Alathons 7010 and 7O3C)  so as t o  minimize the  
e f f e c t ,  Furthermore, i r r a d i a t i o n  counterac ts  t he  ex t rus ion  
memory t o  a large ex ten t .  
The s t r a i n s  and s t r e s s e s  (memory) of polymers induced 
by the processing (moulding o r  ex t rus ion)  condi t ions a r e  capable 
of being r e l i e v e d  by thermal annealing p;"ocedures. Such 
procedures have been discussed by var ious workers .259 27 
also accomplished t h i s  r e s u l t  i n  var ious o t h e r  s t u d i e s a t  RAI .  
4.1.1.8 Def'omnaticn-Restoration -- Recyc1J.n.q 
We have 
It was of i n t e r e s t  to determine i f  t h e  memory of 
a polymer specimen i s  re t a ined  i f  t he  spc imen  i s  subjected t o  
a recyc l ing  of  t h e  deformation-restorat ion process.  Grex 50-050 
was t e s t e d  f o r  t h i s  purpose employing standard T deformation 
condi t ions and s tandard r e s t o r a t i o n  condi t ions.  It was found 
t h a t  a s i n g l e  specimen could be subjected t o  the deformation- 
r e s t o r a t i o n  process  a number of  t imes without loss of the memory 
property;  complete res t o r a t i o n  was always observed. The maximum 
number o f  deformation-restorat ion cyc le s  performed with a s i n g l e  
specimen was ten.  
4.1.1.9 Odd-Shaped Specimens 
Some memory experiments were perfoxme2 with specimens 
o t h e r  than polyethylene sheet .  Various odd-shaped polyethylene 
o b j e c t s  such as cy l inde r s ,  cones, spheres  and toys  (see Figure 
4.5) were t e s t e d  employing standard T deformation condi t ions  and 
s tandard r e s t o r a t i o n  condi t ions.  It was observed tha t  t hese  
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FIGURE 4.5 Various Polyethy lene Shapes 
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specimens always r e s to red  t o  t h e i r  o r i g i n a l ,  undeformed 
shape (i .e., t h e  shape they possessed during i r r a d i a t i o n ) .  
Restorat ion was a l s o  accomplished by the use of the heat from 
i n f r a r e d  lamps. 
4.1.1.10 Emory IJoss Phenomena 
The memory of deformed i r r a d i a t e d  polyethylene specimens 
Two phenomena was observed t o  disappear  under c e r t a i n  condi t ions.  
of  "memory loss" were observed-one involving the  conversion of 
NT deformation memoi'y t o  T memory and the  o the r ,  the  complete 
disappearance of T deformation memory, 
The conversion of NT memcjry t o  T memory occurred 
when NT defoi-med specimens were placed i n  the  r e s t o r a t i o n  
bath (14OOC.  ) but  prevented from r e s t o r i n g  by e x t e r n a l  forces .  
T h i s  was cbserved during work on t h e  rceasurement of r e s t o r a t i o n  
f o r c e s  (Sect ion 4.1.2). Thus, standard NT deformed Grex 50-050 
specimens could r e a d i l y  be prevented from r e s t o r i n g  while i n  
t h e  r e s t o r a t i o n  ba th  (14OOC.)  by p lac ing  a g r e a t e r  mass on top  
of the specimen than could be moved. 
r e s t o r a t i o n  could no longer  occur. When p a r t  of t h i s  excess mass 
was l a t e r  r?itoved, the normal expected NT eet'ormation r e s t o r i n g  
fo rce  wasno longer  present .  The r e s t o r i n g  fo rce  under these 
condi t ions i s  equivalent  t o  tha t  observed under T deformation. 
For r e s t o r a t i o n  t o  occur w i t h  t he  manifestat ion of the l a r g e  
r e s t o r i n g  force,  i t  i s  e s s e n t i a l  that no impediment, t o  t h i s  
r e s t o r a t i o n  be present  i n i t i a l l y .  
When this was done, 
The complete loss of T deformation memory was observed 
when T deformed specimens ( o r  NT deformed specimens which became 
converted t o  T deformed specimens) were placed i n  t h e  r e s t o r a t i o n  
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bath but  prevented f r o m  r e s t o r i n g  by means of ex te rna l  forces .  
Thus, 123 Mrad Marlex 5003 specimens were T deformed under 
s tandard condi t ions (deformation angle = 1800), clamped with 
ordinary labora tory  pinch clampa t o  prevent r e s t o r a t i o n ,  placed 
i n  a bath a t  1450C. f o r  var ious t3ne i n t e r v a l s ,  the clamps 
then removed and the behavior of the  deformed specimen8 i n  a 
r e s t o r a t i o n  bath subsequently observed. 
T deformation memory o f  the specimens was observed a f t e r  a few 
hours while complete loss was not  observed even after a time 
I n t e r v a l  of  1 week. Thus, deformed spec1,mena which were 
prevented from r e s to r ing  while I n  the 1 4 5 O C .  bath for 4-1/2 hours 
subsequently res tored  t o  a deformation angle  of 100 wNle 
1 week specimens res tored  t o  a deformation angle  of 900. 
Loss of par t ia l  
It should be noted, obviously, that  n e i t h e r  the NT 
t o  T memory conversion o r  the  complete l o s s  of T memory would 
i n t e r f e r e  with the app l i ca t ion  of the memory e f f e c t  t o  space 
e rec t ab le  s t r u c t u r e s .  In p rac t i ce ,  one would not  a t t a c h  loads 
t o  a space structure which are g r e a t e r  than the loads which 
could be moved by the s t ruc tu re .  
memory l o s s  phenomena would be encountered. 
Thus, neither of the above 
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4.1.2 Restoring m r c e  
The r e s t o r i n g  force  of i r r a d i a t e d ,  deformed poly- 
ethylene has been etudied a8 a f’unction of deformation condi t ions,  
r e s t o r a t i o n  condi t ions,  r ad ia t ion  dose, polymer dens i ty ,  
i n i t i a l  molecular weight, quenching condi t ions,  moulding 
condi t ions,  specimen thickness  and f i l l e r  presence, 
a r e  discussed below. 
4 , 1.2.1 Deformation Conditions 
The r e s u l t s  
The e f f e c t  of deformation condi t ions on r e s t o r i n g  
fo rce  was studied over  t h e  40-140°C, range. 
t h i s  work, s u f f i c i e n t  time was allowed during deformation 30 as t o  
obta in  thermal equilibrium between the test specimen and envlron- 
ment. 
non-thermal equi l ibr ium Setween specimen and environment, 
For t h e  bulk of 
A small amount of work was performed under condi t ions of 
It was observed t h a t  the  r e s t o r i n g  fo rce  i s  highly 
dependent upon the deformation conditione. 
temperature I s  low, t he  r e s t o r i n g  fo rce  l e  r e l a t i v e l y  hilgh, 
As the  deformation temperature i s  lncreaaed, the r e s t o r i n g  fo rce  
decreases.  
If t h e  deformation 
When the  deformation temperature i s  high enough so 
t h a t  tranapai*ency occurs, t h e  r e s t o r i n g  force i s  a t  a minimum. 
These r e s u l t s  a r e  t a b u l a t e s  i n  Table 4.9 and shown g raph ica l ly  
i n  Figure 4.6, 
r e s t o r i n &  fo rce  with IncreasYng d+formation temperature, bu t  
a l s o  that  the g r e a t e s t  decrease occurs a s  t h e  Tm I s  approached. 
The r e s u l t s  i n d i c a t e  not  only a decrease i n  
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Table 4.9 
Deformation Temperature Effec t  on Restoring Force 
Polyethylene Grade: 
Sample Dimensions : 
Radiation Dose: 
D e f  omat ion:  
Deformation Angle: 
De f omnation Quench: 
Restorat ion Temp,: 
Restoration Time: 
Mass-Apex Distance: 
Moulded Grex 50-050 
1 cin, x 7 cm.-x 55-60 mil 
61 Mrads 
1 hour 
1800 
t o  5 minutes 
2.5 cm, 
1 20C ooc, .'15 
61 Mrads 0 M m d  Control 
Restoring Po r c e  Festsrhg Force 
Deformation Kass Moment Mass Moment 
40 
60 
80 
100 
120 
140 
415 
370 
- 
135 
90 
68 
- 
330 
225 
170 
38 95 
melts i n  deformation en- 
vironment 
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FIGURE 4.6 Deformation Temperature Ef fec t  on Restor ing Force of 
Grex 50-050 
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Unirradiated polyethylene could a l s o  be t e s t e d  under 
standard NT deformation condi t ions.  
show tha t  r e s t o r a t i o n  with the mani fes ta t ion  of r e l a t i v e l y  l a r g e  
fo rces  can occur. However, f o r  each deformation temperature, 
the r e s t o r i n g  fo rce  i s  less than f o r  the 61 Mrad polyethylene.  
I n  addi t ion ,  t e s t  specimens melt a t  the deformation temperature 
a t  140%. The melt ing that, presumably, occurs upon r e s t o r a t i o n  
a t  14OoC. i s  not  a f a c t o r  s ince  r e s t o r a t i o n  occurs  rapidPy, 
before  thermal equi l ibr ium between the t e s t  specimen and 
environment has occurred. 
The r e s u l t s  (Table 4.9) 
Deformation employing non-thermal equi l ibr ium between 
the specimen and I ts  surroundings was performed by hea t ing  above 
the normal polymer Tm, removing f r o m  the ho t  environment a f t e r  
var ious time I n t e r v a l s  and quenching. The degree of c r y s t a l l i n e  
melting (and r e c r y s t a l l i z a t i o n )  t h a t  occurs  i s  propor t iona l  
t o  the  time i n  the deformation environment. T h i s  e f f e c t  manifests  
i t s e l f  I n  the r e s t o r i n g  f o r c e  measurement and i s  Indica ted  
below I n  Table 4.10 and Flgure 4.7, 
a r e  not  employed, the e f f e c t  I s  never the less  c l e a r ,  Maximum 
r e s t o r i n g  fo rce  occurs when a minimal amount of c r y s t a l l i n e  
melt ing has occurred p r i o r  t o  deformation. As the deformation 
time i s  Increased, t he  r e s t o r i n g  fo rce  decrcases;  i t  reaches 
-1 mininuii a t  transparency deformation. 
time af te r  t rmspa rency  has developed does not  a f f e c t  the 
r e s t o r i n g  fo rce ,  
Although standard condi t ions 
Prolonged deformation 
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Table 4.10 -- 
Deformation Tine Ef fec t  on Restoring Force 
Polyethylene Grade: 
Sample Dimensions: 
Radiation Dose: 
De f o ma ti on : 
Deformation Angle: 
Deformation Quench: 
Res tora t ion  Temp.: 
Res tora t ion  Time : 
Mass-Apex Distance: 
Moulded Alathon 14 
1 cm. x 7 cm. x 55-60 m i l  
61 Mrads 
l 4 O o C .  
1800 
l00C ./IO sec 
1 0 5 0 ~ .  
t o  3 minutes 
1.75 cm. 
---- 
beformation Time nerormatlon - Pes ta r ing  Force 
(sec.)  Nature Mass (grn.) N o m e n t  (gm . -cm . ) 
5 
10 
20 
30 
100 
NT 
NT 
T 
T 
T 
25 
23 
505 
6.0 
6 ,o  
44 
40 
10.5 
10.5 
9.6 
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Se1.222 Restorat ion Conditions 
-----_----__I- 
The e f f e c t  of r e s t o r a t i o n  condi t ions on r e s t o r i n g  
fo rce  was s tudied  over  t he  80-14OOC. range f o r  time i n t e r v a l s  
s t r e t c h i n g  from seve ra l  seconds t o  s eve ra l  hours ,  These con- 
d i t i o n s  were chcsen f o r  t he  following reasons: ( a )  Temperatures 
lower than 8OoC. o f f e r  no p r a c t i c a l  value,  (The loiver t h e  
r e s t o r a t i o n  temperature, t he  less the  degree of r e s t o r a t i o n  f o r  
NT deformation; see Sec t ion  4e?-el . .2e)  (b) The maintenance o f  
the  t es t  specimens a t  e leva ted  teniperatures for per iods  longer  
than t h a t  requi red  t o  a t t z i n  thermal e q u i l i b ~ l u n i  with I t s  
e n v i r o m m t  was unnecessayy, I n  ac h . a I  p r a c t i c e ,  r e s t o r a t i o n  
at 80-1tl .0~~. after standard NT deformation occurred :In less 
than 5 seconds; r e s t o r a t i o n  a f t e r  T def'orrnstion occurred o n l y  
a t  t h e  T temperature and requi red  seve ra l  minutes, Tes t s  run 
f o r  in te rva lB o f  hours were performed so le ly  t o  ascerta2.n p o s i t i v e  
r e s u l t s .  
m 
A t  140°C., the r e s t o r i n g  fo rce  of standard NT deformed 
specimens was about 315 gm.-cm. A t  8ooc., t h e  r e s u l t a n t  res tor-  
i n g  fo rce  was observed t o  be about 300 gm.-cm. T h i s  d i f f e rence  
i s  within experimental  e r r o r .  It i s  concluded, t he re fo re ,  t h a t  
no d i s c e r n i b l e  dli'f'erence i n  r e s t o r i n g  f c r c e  occurs a t  t he  lower 
r e s t o r a t i o n  temperature. 
The r e s t o r a t i o n  temperature e f f e c t  on r e s t o r i n g  fo rce  
a f t e r  s tandard t ransparency deformation cond i t i cns  was no t  
considered f o r  study s ince  r e s t o r a t i o n  does not  occur  un le s s  
the r e s t o r a t i o n  temperature i s  i n  the v i c i n i t y  of the normal 
polymer Tm. 
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4.1.2.3 Radiat ion Dose ---- 
The e f f e c t  of r a d i a t i o n  dose on the  r e s t o r i n g  fo rce  
of Grex 50-050 was s tudied a t  var ious deformation temperatures,  
over  the dose range of 12  t o  245 MraBs. Higher doses were 
no t  t e s t e d  because of  the b r i t t l e n e s s  of  specimens a t  the 
245 Mrad dose. 
incomplete degree of r e s t o r a t i o n  a t  approximately 5 Mrads. 
(See Sect ion 4.1.1.3.) 
4,8 and 4.9) i n d i c a t e  an increas ing  r e s t o r i n g  force  wi th  
r a d i a t i o n  dose ( i t  should be r e c a l l e d  t h a t  un i r r ad ia t ed  
deformed specimens can be r e s to red  s u f f i c i e n t l y  t o  measure 
the r e s t o r i n g  force ,  but  t h a t  r e s t o r a t i o n  i s  not  complete). 
Furthermore, decreasing the  deformation temperature inc reases  
the  r e s t o r i n g  fo rce  over  t h e  e n t i r e  dose range. Cracking of 
specimens was a problem when the r a d i a t i o n  dose was high 
(245 Mrads) o r  t h e  deformation temperatura low (40°C,) . 
Lower doses were not i nves t iga t ed  i n  view of  the 
The r e s u l t s  (Table 4.11 and Figures  
The e f f e c t  of r a d i a t i o n  dose on the r e s t o r i n g  f o r c e  
of the low dens i ty  polyethylene grade, Alathon 15, was s tud ied  
i n  a manner similar t o  t h a t  of the Grex 50-050 (h igh  d e n s i t y  
polye thylene) ,  The r e s u l t s ,  shown i n  Table 4.12 and Figures  
4.10 and 4.11 i n d i c a t e  tha t  
(1) The r e s t o r i n g  f o r c e  of' Alathon 15 decreases  wi th  
inc reas ing  deformation temperature r ega rd le s s  o f  r a d i a t i o n  dose,  
( 2 )  The r e s t o r i n g  f o r c e  o f  Alathon 15 inc reases  s l i g h t l y  
w i t h  increas ing  dose . 
(3) The r e s t o r i n g  fo rce  o f  Alathon 15 was i n f e r i o r  
t o  t h a t  of Grex 50-050 under a l l  equiva len t  temperature con- 
Radiation Dose and Deformation Temperature Effects on 
Restoring Force 
Polyethylene Grade: Moulded Orex 50-050 
Sample Dimensions: 
Def ormat I o n  : 1 hour 
Deformation Aqgle: 1800 
Def orma tlon Quench: 
Restoration Temp. : 1 ooc. 
Mass-Apex Distance: 2.5 cm. 
Radiation Dose 
1 cm. x 7 cm. x 55-60 mil 
20c0’15 seC. 
Restoring Force 
Deformation Temp. Mass Moment 
(Mrads) P C . )  m.-cm. 1 
0 60 135 330 
80 90 225 
100 68 170 
120 38 95 
140 melts In deformation en- 
vironment 
12 
61 
123 
245 
60 
80 
100 
120 
140 
60 
80 
100 
120 
140 
60 
80 
100 
120 
140 
60 
80 
100 
120 
140 
140 350 
102 250 
175 
110 
5 
samples crack on attempted 
def ormatlon 
samples crack on attempted 
def ormation 
samples crack on attempted 
deformation 
74 
24 
~ 
I 
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FIGURE 4.8 Radiation Dose Effect on Restoring Force of 
Grex 50-050 at various Deformation Temperatures 
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- 
DEFORMATION TEMPERATURE (OC.) 
PIGURE 4.9 Deformation Temperature Ef fec t  on Restor ing Force of 
Grex 50-050 a t  var ious  Radia t ion  Doses 
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Table L!..12 
Radiation Dose and Deformation Temperature Effects on 
Restoring Force 
Polyethylene Grade:Extruded Alathon 15 
Sample Dimensions: 1 cm, x 7 cm. x 52 m i l  
Deformation: 1 hr. 
Deforlmation Angle : 180° 
Deformatlor, Quench: OC./15 sec. 
Restorat ion Temp,: 1 O°C. 
Restorat ion Time: t o  5 minutes 
Mass-Apex Distance: 2.5 cm. 
Radiation Dose Deformation Tern?. D%i s s Moment - - (Mrads) (OC.) (Em.) (gm.-cm.) 
I_ Restcring Force 
0 
61 
323 
134 
40 
60 
80 
100 
120 
140 
40 
100 
120 
l+O 
60 
80 
100 
120 
40 
60 
80 
100 
120 
40 
60 
80 
100 
120 
40 
62 
80 
42 105 
32 80 
29 72 
11 27 
specimen melts i n  de- 
forna t ion  environment 
specimen melts i n  de- 
formation environment 
56 
18 
1 
48 
39 
42 
18 
6 
44 
4.1 
36 
10 
86 
74 
37 
12.5 
6.7 
5.6 
45 
140 
45 
2.5 
120 
97 
105 
45 
15 
110 
102 
90 
25 
17 
248 
220 
112 
100 14 35 
120 9.4 23 
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FIGURE 4.10 Radia t ion  Dose Ef fec t  on Restor ing Force of 
Alathon 15  a t  var ious  Deformation Temperatures 
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FIGURE 4.11 Deformation Temperature Ef fec t  on Restor ing Force of 
Alathon 15 a t  var ious  Radiat ion Doses 
d i t i o n s  of  NT deformation. 
(4)  The r e s t o r i n g  force  of GiMrad Alathon 15, a f t e r  
T deformation, was s l i g h t l y  g r e a t e r  than that  o f  61Mrad 
Grex 50-050. 
of d i f f e r e n t  i n i t i a l  molecular weights and i s  d:sciassed i n  
Sect ion 4.1.2 . 5. ) 
(This phennrnenon can be explained oil the b a s i s  
03) Unirradiated Alathon 15 behaves s i m i l a r  t o  
un i r r ad ia t ed  Grex 50-050. PertLal r e s t o r a t i o n  occurs and i s  
followed by melting;, 
-76- 
4.1e2.4 Crys ta l l in=  -
The e f f e c t  of polyethylene c r y s t a l l i n i t y  on the  
r e s t o r i n g  force  was determined employing n ine  d i f f e r e n t  grades 
of polyethylene with varying dens i ty  and c r y s t a l l i n e  melting 
po in t .  Along with 61 Mrad poiymes t e s t e d  under s tandard 
NT condi t ions ,  u n i r r a d i s t e d  con t ro l s  were a l s o  run. The r e s u l t s  
of t hese  t e s t s ,  shown i n  Table 4.13 and Fig. 4,12, i n d i c a t e  
that  the r e s t o r i n g  f o r c e  inc reases  with Increas ing  c r y s t a l l i n e  
melting po in t  and dens i ty  (both  of which a r e  measures of 
c r y s t a l l i n i t y )  . 
It should be no%ed t h a t  t h e  po in t  f o r  Hi-Fax 1901 i n  
Figure 4,12 would no t  dev ia t e  a s  much from t h e  s t r a i g h t  l i n e  
i f  c r y s t a l l i n e  melting poin t  i n s t ead  of dens i ty  were p lo t t ed  
a g a i n s t  r e s t o r i n g  fo rce .  This devia t ion  i s  dtle t o  the  r a t h e r  
high c r y s t a l l i n e  melting po in t  of  Hi-Fax 1901 i n  r e l a t i o n  t o  
i t s  medium dens i ty .  Of course, the best parameter t o  p l o t  
a g a i m t  r e s t o r i n g  fo rce  would be c r y s t a l l i n i t y ;  however, such 
d a t a  was not  gene ra l ly  ava i l ab le .  The o t h e r  dev ia t ions  from 
the s t r a i g k t  l i n e  p l o t  i n  Figure 4.12 may be explained by 
assuming thct  i n i t i a l  molecular weight o r  c ros s l ink  d e n s i t y  
i s  a con t r ibu t ing  f a c t o r  t o  the r e s t o r i n g  force .  
-77 - 
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FIGURE 4.12 Density E f f e c t  on Res tor ing  Force 
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4.1.2.5 I n i t i a l  Molecular - Weight 
The e f f e c t  of polyethylene i n i t i a l  molecular weight 
- 
(ice., Mn o r  rb p r i o r  t o  i r r a d i a t i o n )  cn r e s t o r i n g  fo rce  has been 
inves t iga t ed  by studying nine d i f f e r a t  polyethyiene grades under 
T deformation con6itione.  Since T deformation causes complete 
c r y s t a l l i n e  melting p r i o r  t o  deformation, almost complete 
c r y s t a l l i n e  melting y r i o r  t o  r e s t o r a t i c n  is assured. 
experimental approach means t h a t  polyethylene c r y s t a l l i n i t y  
p lays  only a n i n o r  r o l e ,  i f  any, i n  t h e  r e s t o r i n g  fo rce  and 
the l a t t e r  will be r e l a t e d  s o l e l y  t o  the  c ros s l ink  d e n s i t y  
and molecular weight. Samples i r r a d i a t e d  t o  i d e n t i c a l  doses 
should have d i f f e r e n t  c ros s l ink  d e n s i t i e s  depending upon the 
i n i t i a l  molecular weight and molecular weight d i s t r l b u t i o n s .  
T h i s  
The r e s u l t s  of' these t e s t s  Lndicate an inc reas ing  
r e s t o r i n g  fo rce  with increas ing  dose. Rcgardless of  molecular 
weight, t h e  absolu te  values of r e s t o r i n g  force  remain small  
compared t o  values obtained v i a  NT deformation condi t ions.  
r e s u l t s  a r e  given i n  Table 4.14 and Figure 4.13. 
absolu te  va1i;es a r e  q u i t e  small, the t rend  i s  important. 
The 
Although the 
-80- 
Table 4.14 
Y 
Molecular Weight Effect  on Restoring Force 
- ~ ~~ 
Moul.ded SampLcsa 
Sample Dimensions: 1 cn, x 7 cm. x 55-60 xi1 
Radiation Dose: 61 Mrads 
De f o rma t Ion : 1 4 O O C . / l  h r ,  ( T )  
Def'o2mation Angle: 1800 
Deformation Quench: 1 5 O C  =/15 sec e 
Restoration Ten2 : l Q O O C  . 
Restor*ation Time: t o  5 minutes 
Mass-Apex Distance: 2-5  cm. 
Hestoring k'orce 
Polymer R x 10-3 Nn x 10=3 Na s s Moment 
(gm.) Rm.-cm.) 
^- - 
W -- 
Grex 50-050 70-80 6-7 2 5 
Alathon 7040 88 11-12 2b5 6.3 
Alathon 7511 150-175 15-20 3.5 8.5 
Marlex 6002 171 14 3.5 8.5 
Marlex 50C3 188 11 5 1 2  
Ala-khon 15 590 15-20 505 13.5 
Alathon 14 8 0 0 - ~ c ~ 0 0  22-26 4.0 10 
Hi-Flax lgOl. > 2000 - 22 54 
a 
Alathon 15 eamp1.e~ were extruded tape. 
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4 e 1 e2.6 Polge thylene Thickness 
It is to be expected that the restoring force ( o r  the 
-.. 
restoring moment) will be influenced by the film thickness. 
thicker the deformed region, the greater the ability to move a 
specific mass. This has been investigated employing Grex 50-050 
of various thicknesses ranging from 20-65 mil deformed under 
standard NT conditions and two other widely different, but 
convenient, deformation temperatures. This was done to determine 
whether the thickness effect varied with different deformation 
temperatures . 
as the restoring forces after T deformation are very small with 
the material employed.) 
in Table 4,15, 
The 
(Transparency deformation conditions were avoided 
The results of these tests are shown 
Table 4*&5 
Thickness Effect on Restoring Force 
Polyethylene Graze: Moulded Grex 50-050 
Sample Dimensions: 1 cm, x 7 cm, 
Radiation Dose : 61  Mrads 
Dezormation: 1 hour 
Deformation Angle: 1800 
Deformation Quench: 15OCe/15 sec. 
Mass-Apex Distance: 2,5 cm. 
Deformation Restoring Force 
Temperature Thickness Mass Moment 
(OC . ) (mil) ( g m d  m.-cm.) 
68 
80 
100 
65 
57 
44 
24 
57 
44 
27 
20 
67 
47 
28 
21  
187 46 0 
150 365 
80 200 
24 55 
125 315 
64 160 
27 67 
12 30 
99 245 
53 130 
16 40 
5 12 
The r e s u l t s  ( see  Figure 4.14) i n d i c a t e  an inc reas ing  
r e s t o r i n g  fo rce  with th ickness ,  
the two parameters ( r e s t o r i n g  fo rce  and thickness)  may be more 
c l e a r l y  seen from the log-log p l o t  i n  Figure 4.15. 
t ha t  the dependent and independent va r i ab le s  behave as 
descr ibed by y = xa, where a i s  approximately 2. 
force ,  thus,  depends on t h e  approximate square of t he  sample 
th ickness ,  Furthermore, it i s  seen t h a t  t h i s  r e l a t i o n s h i p  
holds f o r  a l l  t h r e e  deformation temperatures s tudied.  This  
r e l a t i o n s h i p  was obtained f r o m  r e s t o r i n g  fo rce  measurements 
over  the 20-60 m i l  range, a f a c t o r  of about 3. 
l e v e l  of th ickness ,  the accuracy of  t h e  measurement decreases  
and it  i s  not  poss ib le  t o  obta in  good data a t  smal le r  t h i ck -  
nesses .  
ship holds true over the 1-20 mil th ickness  range ( a  20-fold 
d i f f e rence )  and no attempt has  been made t o  convert  the da ta  
obtained throughout this p r o j e c t  t o  t ha t  of 1 m i l  th ickness .  
4.1.2.7 Quenching Conditions 
The exact r e l a t i o n s h i p  between 
T h i s  shows 
The r e s t o r i n g  
A t  the  lower 
It may not  be v a l i d  t o  assume that  this same r e l a t i o n -  
Af te r  the  polyethylene has been deformed i t  i s  placed 
i n  a water ba th  a t  l 5 O C .  f o r  15 seconds, during which time 
r e c r y s t a l l i z a t i o n  o f  the melted reg ions  occurs ,  I f  the  
deformation was performed under T condi t ions,  complete re- 
c r y s t a l l i z a t i o n  must occur; i f  t h e  deformation was performed 
under NT condi t ions,  only p a r t i a l  r e c r y s t a l l i z a t i o n  w i l l  occur, 
the ex ten t  and na ture  depeading upon the temperature during 
deformation, 
ment was s u f f i c i e n t  t o  allow t ransparent  samples t o  again 
become opaque and r i g i d  (i .e., r e c r y s t a l l i z e ) ,  
The 15 second i n t e r v a l  i n  the quenching environ- 
Since the na tu re  of the  cool ing process  is, presumably, 
-84- 
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FIGURE 4.14 Thickness Effec t  on R e s t o r i n g  F o r c e  of 
Grex SO-050 a t  vari.ous Deformation Temperatures  
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FIGURE 4.15 Th ickness  E f f e c t  on R e s t o r i n g  F o r c e  of 
Grex 50-050 a t  var ious Deformation Tempera tures  
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r e l a t e d  t o  the s i z e  and nature  of the c r y s t a l l i t e  and s p h e r u l i t e  
f ~ r m a t i o n , ~  
changing t h i s  parameter would produce a measurable change i n  the  
r e s t o r i n g  force .  Accordingly, the e f f e c t  of cool ing a f t e r  
deformation was inves t iga t ed ,  employing otherwise standard 
condi t ions.  The techniques employed were: 
i t  was deemed of importance t o  determine whether 
( a )  Standard condi t ions:  Cooling a t  1 5 O C .  f o r  
15 seconds i n  water bath.  
( b )  Cooling a t  ambient (room) tempel-ature f o r  
5 minutes. 
( c )  Cooling i n  an acetone-dry i c e  ba tn  a t  -78OC. 
Measurement of t h e  r e s t o r i n g  fo rce  a f t e r  each s e t  of 
condi t ions  gave, r e spec t ive ly ,  315, 275 and 275 gm-cm. It 
appears, t he re fo re ,  t h a t  r ap id  o r  slow cool ing has a rather 
small  e f f e c t  on r e s t o r i n g  force ,  p a r t i c u l a r l y  when compared t o  
the  e f f e c t s  of  deformation condi t ions o r  r a d i a t i o n  dose. 
4.1.2.8 Deformation Angle 
Attempts were made t o  measure the e f f e c t  of the 
deformation angle on r e s t o r i n g  force employing s tandard NT 
condi t ions ,  Data was no t  reproducible  (due t o  the f a s t  onset  
of r e s t o r a t i o n  f o r  NT deformed specimens), al though q u a l i t a t i v e  
r e s u l t s  i n d i c a t e  tha t  t he  r e s t o r i n g  fo rce  inc reases  with i n -  
c reas ing  deformation angle. 
4.1.2.9 Moulding . Conditions 
The techniques employed f o r  moulding Folycthylene 
sheets are descr ibed i n  Sec t ion  2.2, T h i s  method involves  a 
r ap id  quench o f  t he  f i n a l  product, and, t he re fo re ,  the poly- 
e thylene will be composed of r e l a t i v e l y  uniform small c r y s t a l -  
l i t es .  It was of i n t e r e s t  t o  determine the e f f e c t  of slow 
-87- 
cool ing from the melt  which would r e s u l t  i n  l a r g e r ,  less uniform 
c r y s t a l l i t e s  upon NT deformation. 
By cool ing the  sheet  from the melt during a 16 hour 
per iod,  and deforming it under standard NT deformation condi t ions ,  
no s i g n i f i c a n t  c3ange in the restoping moment o f  Grex 50-050 could 
be observed; t h e  value remained 300-315 gm-cm. This f a c t o r  was, 
t he re fo re ,  not  i nves t iga t ed  f u r t h e r ,  
4,1.2,10 F i l l e r  E f fec t  -
The e f f e c t  cf f i l l e r  on t h e  r e s t o r i n g  fo rce  o f  
polyethylene was s tudied  under standard NT and T deformation 
condi t ions.  Crex 50-050 and Alathon 111, high and low d e n s i t y  
polyethylenes, respectively, were studied. The fillers studied 
were ZnO and CaSiO both a t  the  lo$ l e v e l  ( i . e s ,  10% of  t o t a l  
specimen weight being f i l l e r ) ,  
reduct ion i n  r e s t o r i n g  fo rce  with both polyethylene grades. The 
r e s u l t s  a r e  shown i n  Table 4,16. 
3’ 
Both f i l l e r s  caused a s i g n i f i c a n t  
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Table 4,16 
F i l l e r  E f f e c t  on Restoring Force 
Polyethylene Grade: 
Sample Dimensions: 
RadiatLon Dose: 61  Mrads 
Defomation:  
Defomation Quench: 
Res tora t ion  Tiine: t o  1 hour 
Mass-Apex Distance: 2,5 cm. 
Moulded Grex 50-050 and Alathon 14 
1 cm, x 7 cm. x 55-60 m i l  
80oC./l hr.  (NT); 4OoCm/5 mine ( T )  
L5OC ./l5 sec 
Deformation Angle: 1800 
Restora t icn  Tenpa: 1'40W" 
D 3 f C P -  Grex 5C-050 Al.athon 14 
mation 
Temp Mass Momep.t Mass Moment 
R e  s t 0 riilig -For c t? Restoring Force 
F i l l e r  a ( O C J  ( g m . )  ( grn e - CT_211 (am01 gm.-cm.) 
ZnO 80 92 230 31 78 
None 80 125 315 48 120 
ZnO 140 ca. 1 ca ,  2 2 5 
None 140 2 5 4 10 
- 
CaSi03 b 80 66 165 34 85 
CaSi03b 140 ca.  1 ca.  2 2 5 
a 
F i l l e d  s a r q l e s  were prepared by Gering P l a s t i c s  Co., 
Kenllworth, New Je r sey  
b 
Commercially a v a i l a b l e  as  Wollastoni te  P-4 
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Polyethylene Copolymers wi th  Ethyl Acrylate o r  
Vinyl Acetate --, -- 
4.2*1 In t roduc t ion  
Polyethylene copolymers containing up t o  23% e t h y l  
a c r y l a t e  and up t o  30% v iny l  a c e t a t e  were inves t iga t ed  f o r  the 
memory phenomenono 
noted i n  Table 2.3, The purpose of studying these  copolyners 
was: 
The p r o p e r t i e s  of  t hese  copolymers a r e  
(a )  To determine whether these  copolymers e x h i b i t  
memoxy, and if so, whether r e s t o r a t i o n  i s  complete, 
(b) To determine whether t he  minimum temperature f o r  
r e s t o r a t i o n  would be lower f o r  these  s o f t e r  copolymers than f o r  
polyethylene Itself', 
( c )  To compars the r e s t o r i n g  fo rces  with those  of 
polyethylene homcpolymers and polyethylene-butene copolymers, 
The l i t e r a t u r e  i n d i c a t e s  that  moulded sheets o f  these 
copolymers r e l a t i v e  t o  polyethylene i t s e l f  a r e  c l e a r e r  
( e s s e n t i a l l y  t r anspa ren t )  and more flexible.  28 
case f o r  ou r  moulded sheets o f  these copolymers. Accordingly, 
This  was the 
it  has no t  been possible  t o  c l a s s i f y  deformed specimens i n t o  
T and NT ca tegor i e s  based on v i s u a l  c l a y i t y  observat ions alone,  
However, a s  i z d i c a t e d  below, these ca t egor i e s  may be c l e a r l y  
def ined on the basis of polymer behavior.  
It has been observed tha t  NT deformations cannot be 
successfu l ly  performed with t h e s e  copolymers. 
ascer ta ined  by studying the room tempeyature behavior of 
samples deformed under s tandard condi t ions  a t  var ied tempera- 
t u r e s .  When the deformation i s  performed a f t e r  equi l ibr ium 
a t ,  f o r  example, lOOOC.,  a completely deformed (i.e,,  bent i n  half} 
?.'his has  been 
-go- 
I I  specimen r e s u l t s  t h a t  shows no creep". When, however, the 
deformation i s  performed a t ,  f o r  example, 400C., a 180' bend 
cannot be obtained,  The sample immediately " r e s to re s"  p a r t i a l l y .  
A degree of deformation appears t o  occur, bu t  i t  i s  not  complete. 
This  phenomenon probably r e s u l t s  from the  reduced 
c r y s t a l l i n i t y  of t hese  polyethylene copolymers. These copolymers, 
a l l  conta.ining an es ter  a s  comonomer, a r e  rubbery i n  na ture  a t  
room tenpera ture  Under NT defomnatim, s u f f i c i e n t  r e c r y s t a l l i -  
za t ion  does no t  occur t o  prevent the occurrence of the  sample's 
memory. Under T deformation condi t ions,  however, s u f f i c i e n t  
r e c r y s t a l l i z a t i o n  o f  t he  polymer occurs a f t e r  deforming. Here, 
the deformed specimen does not  creep" and the memory i s  locked 
in .  
4.2.2 Degree of  Res tora t ion  
I I  
Figure 4.16 d e p i c t s  t h i s  phenomenon, 
When the  polyethylene copolymers a r e  evaluated employ- 
i n g  the s tandard conei t ions  f o r  studying the homopolymers, no t  
only does r e s t o r a t i o n  occur, bu t  the degree of r e s t o r a t i o n  i s  
always found t o  be complete. 
regard t o  the effects of t he  various parameters on the degree 
of r e s t o r a t i o n :  
The following may be stated wi th  
( a )  Deformation Conditions: 
similar t o  those obtained with the homopolymers, 
( b )  Res tora t ion  Conditions: 
N o  e f f e c t ;  r e s u l t s  are 
Res tora t ion  occurs  a t  
lower temperatmes than for the homopolymers. The e f f e c t  i s  a 
major one and i s  discussed more f u l l y  i n  Sec t ion  4.2.2,l 
( c )  Radiation Dose: Over the  narrow range s tudied  
(31-61 Mrads), no e f f e c t  was observed on the degree of r e s t o r a t i o n .  
This  i s  discussed more f i l l y  i n  Sect ion 4,2,2,2. 
I 
(d)  Density and Molecular Weight: These parameters 
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(1) 
(2) 
Zetafin 30 ~DA-7268 
FIGURE 4.16 NT and T Deformation of Polyethylene Copolymers 
1 = Attempted NT Deformation 
2 T Deformation 
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have not been studied as such with the copolymers, Their 
importance i s  not  as s ign i f i can t  as with the homopolymers. 
4.2.2.1 Miniriwr! -.-- Restoration Tmperature (MRT) 
The minimum temperature a t  wNch complete res tora t ion  
occurs i s  lower than that  required f o r  low densi ty  polyethylene 
(Table 4-17). The l a t t e r  require  s l i g h t l y  above 1OOoC. The 
copolymers a l l  res tore  t o  completion below 100°C, 
temperatures required vary w i t h  the  copolymer composition. 
DPDS-6169, DXqP-0457, and Zetaf in  30 a l l  show complete res to-  
r a t ion  i n  the 80-90Oc, range. DQDA-3270 s h D w s  complete 
r e s to ra t ion  i n  the 73-82OC. range, while DQDA-7268 shows 
complete res tora t ion  a t  6 5 O c .  
m e l t  index both increase f o r  this s e r i e s  of polymers as the  
MRT d x p s  (see Table 2.3) , 
Specif ic  
The co-monomer composition and 
A l l  of  these polymers f a i l  t o  exhibi t  s a t i s f ac to ry  
NT deformations. 
deformation angle r e s to re s  t o  < 1800) , 
obtaining an NT deformed specimen which shows res idua l  creep 
(as do the homopolymers). I n  these copolymer cases, the 
formation of an NT deformed sample never occurs. A l l  can be 
deformed under T conditions ( i , e , ,  deformation angle of 180~) ,
I n  addi t ion,  DWA-7268, a f t e r  T deformation, exhib i t s  some 
res tora t ion  a t  room temperature, This polymer has the lowest 
MRT (65OC.). It i s  possible tha t  the c r y s t a l l i n i t y  of this 
polymer, with almost 30% vinyl  acetate ,  I s  low enough t o  be 
unable t o  prevent the onset of res tora t ion  a t  temperatures near 
the MRT. 
Par t ia l  res tora t ion  always occurs ( L e . ,  
It i s  not a matter of 
The r e s u l t s  of these tests are shown i n  Table 4.17, 
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4.2,2.2 Radiation Dose --
Varied r a d i a t i o n  dose, i n  t he  narrow 31-61 Mrad range, 
had no e f f e c t  on the degree of r e s t o r a t i o n .  A s i m i l a r  r e s u l t  
was observed e a r l i e r  w i th  t h e  polyethylene homopolyners 
( see  Table 4,18) 
This  parameter was not i nves t iga t ed  f u r t h e r .  It was 
noted, however, t h a t  c e r t a i n  of these  copolymers developed 
"bubbles" on r ad ia t ion ,  pres-mably due t o  the r e l e a s e  of  gases.  
No a t f e n p t  was made t o  measure the  amount of gas re leased  o r  
t e s t  the  regions of the shee t  t h a t  exhib i ted  t h i s  phenomenon, 
Except f o r  Epolene E-10, bubble formation Clid not  occur with 
the homopolymers. 
A 4,3 Nrad r a d i a t i o n  dose was s",udr?ed wi th  DPDB-6169 
Only s l i g h t  r e s t o r a t i o n  of t h e  former occurred and DQDA-7268, 
under s t m d a r d  T condi t ions.  After s t re tch ing , ,  r e s t o r a t i o n  
was only p a r t i a l .  Q u a l i t a t i v e  observat ion o f  degree o f  r e s to -  
r a t i o n  under these  condi t ions  ind ica ted  considerably poorer  
r e s t o r a t i o n  behavior than f o r  e i t h e r  Grex 50-050 o r  Marlex 6002 
under compai-a.3le t e s t  condi t ions.  DWA-7268 melted In the 
deformation b?,th d e s p i t e  t h e  4.3 Mrad dose, 
-97- 
Radiation 
Table 11 .~8  
Dose Effect on Degree of Restora t ion  of 
!.crylate and Acetate Copolymers 
Moulded 
Sample Dimens!.ons: 
Deformation : 120W./1-3 min, ( T )  
DeformatLon Angle: 1800 
Deformation Quench: 
3-1/2 cm, x 1 cn!. x 60 m i l  
l 5 O C  e/15 sec . 
- 
Restcra t ion  Temperature 
Dose 6 5 0 ~  80-85oc , 
--- Restora t ion  Time ( Miqads ) DCfPmaf2.m -d.- J.::gle ( O )  
DPDB-6169 
Immediately 
4; 
min , 
hrs , 
180 
180 
180 
180 
120 
75 
Zeta.f!-n 30 
Imnediat eTy 
4; 
rr1in 
h r s  , 
31 180 
180 
180 
180 
1.05 
90 
1-1/2 min. 
31 180 
complete 
DQ,DA-7268 
Immediately 
Immediately 
2-1/2 rnin. 
1-1/2 min, 
31 
61 
180 
c om? le te 
180 
can? 1 e t e 
-98- 
Restoring Force 
The r e s t o r i n g  fo rces  o f  some polyethylene copolymers 
4.2.3 --.------ 
were studied., i n  or:!er t o  ob ta in  comparative d z t a  with the 
polyethyieiie homopolyixers discussed i n  Sec t ion  4,1d No at tempt  
was made t o  stxdy t'ne e f f e c t  of t h e  pazaneters  of  Sec t ion  4,1.2 
on the r e s t o r i n g  fo rce .  
under T deformation condi t ions  i n  view of t h e  i n a b i l i t y  o f  
these  polymers t o  be NT deformed, The r e s t o r i n g  fo rces  of these  
copolymers ars l i s t e d  i n  Table 4.19, 
Restoring fo rces  were determined only 
Table 4.1.2 
Restor ing Forces of Acrylate and Acetate Copol-ymers 
Moulded 
Sample Dimensions: 
RadiatLon Case: 61 Mrads 
Deformation: 1 2 O o C , / 1  hr. (T) 
Deformat?ion h g l e :  1800 
Deformation Qtxeiich: 
Res tora t ion  Ternp.: 1400C. 
Restoyation Time: t o  2 min. 
Mass-Apex Distance: 2.5 cm. 
1 cm, x 7 em. x 55-60 m i l  
1 5 O C  ./15 sec . 
R e s t o r i n g  F o r c e  
I<oomen t (gm . -cm . Polymer Gracb Mass (gm.) .- 
DPDB-6169 
DQDA-3269 
Zetaf'in 30 
8-11 
9-11 
9-12 
20-28 
22-2s 
22-30 
DgPA-7268 6-8 15-20 
-~ ~- __-_____ ~- 
Wi5h these copolymers, the nori-rigid behavior during 
the measuremat of r e s t o r i n g  fo rce  was q u i t e  apparent  ( s ee  
Sect ion 3.3). Accordingly, only approximations a r e  l is ted.  It 
i s  of i n t e r e s t  tha t  the values  obtained a r e  g r e a t e r  than f o r  t h e  
homopolymers under T deformation (see Sec t ion  4.1) . 
-99- 
4.3 Vexar Polyethylene Mesh 
4.301 Introdlie ti on -
Since a gr id  s t ruc ture  would be of i n t e r e s t  f o r  use 
i n  space erectable  s t ruc tures  such as 
the memory of polyethylene mesh was studied. 
comiiimicatSonn s a t e l l i t e s ,  
~ 
I 
I Six grades o f  
I extruded Vexar polyethylene mesh, obtained from DuPont, were 
invest igated.  
propert ies  t o  standard high, medium and low densi ty  polyethylenes, 
d i f f e r  only i n  the f a c t  t h a t  they a re  gr id- l ike i n  nature and 
non-continuous. The s ign i f i can t  physic21 propert ies  of these 
grades a re  described i n  Table 2,2, and t h e i r  appearance i s  seen 
i n  Figure 2.1, 
These grades, Ident ica l  i n  chemical and physical 
I n  view of ths  s imi la r i ty  of  the Vaxar polyethylene 
mesh t o  standard polyethylenes, only those propert ies  which 
might be influenced by the presence of a grid s t ruc ture  were 
studied. 
described (Section 3,2,2) Minimum res tora t ion  temperature 
was studied only t o  confirm differences based on the  d i f f e r e n t  
dens i t i e s ,  
was considered and sought. 
although thc a k i l i t y  o f  these s t ruc tures  merely t o  move masses 
was confirmed. 
4.3.2 ---- Restoration Behavior 
The degres of res tora t ion  was s tudied as previously 
I 
The gosslble  e f f e c t  of extruzion-induced memory 
Restoring forces  were not measured, 
A s  with a l l  o ther  polyethylene homopolymers, the  
degree of  res tora t ion  was observed t o  be complete a t  temperatures 
above the normal polymer Tm. 
not be readi ly  character ized on the bas i s  of  visual  transparency 
o r  non-tranaperency due t o  the gr id  s t ructure .  Standard T o r  NT 
behavior was readi ly  d iscern ib le  however; NT deformed samples 
The de fo rmt ion  conditions could 
-100- 
showed room temperature creep and a g r e a t e r  degree of 
r e s t o r a t i o n  a t  lower res2ora t ion  temperatures , T deformed 
samples showed no creep and required higher r e s t o r a t i o n  tempera- 
t u r e s  for the onset  o f  r e s t o r a t i o n ,  
The r e s u l t s  (Table 4,20) show t h e  degree of  r e s t o r a t i o n  
t o  be c l e a r l y  defined on the b a s i s  of dens i ty  and Tm a s  f o r  the 
polyethylene shee t  specimens, The r e s u l t s  may be summarized as: 
( a )  NT deformed specimens (80%) of a l l  grades r e s t o r e  
t o  e s s e n t i a l  completion a t  140OC, The event occurs  over a mat te r  
of minutes, 
(b )  T deformed specimens (140°C.) of D 1/1-100-90, 
D 3/3-60-90, and D 8/8-30-90, low d e n s i t y  polyethylenes,  a l l  
r e s t o r e  t o  e s s e n t i a l  ccrnpletion a t  100°C., 12OoC,, and 14OoC, 
( c )  T deformed specimens (14OCC,) of D 4/4-30-90 and 
D 6/6-20-90, high dens i ty  polyethylenes,  r e s t o r e  t o  e s s e n t i a l  
completion a t  14OoC., o f f e r  p a r t i a l  r e s t o r a t i o n  a t  12OoC., and 
no r e s t o r a t i o n  a t  l o O O C ,  
( d )  The behavior of the medium d e n s i t y  polyethylene 
D 12/12-30-90 i s  s i m i l a r  t o  the high dens i ty ,  bu t  r e s t o r a t i o n  
i s  complete a t  120OC, 
T1:z degree of r e s t o r a t i o n  a t  ambient temperatures and 
A s  wi th  o t h e r  polyethylcne grades,  p a r t i a l  65OC. was observed, 
r e s t o r a t i o n  occurred a f t e r  NT deformation, none occurred a f t e r  
T deformation axnd where r e s t o r a t i o n  d id  occur, i t  was incomplete, 
The r e s u l t s  a re  given i n  Table 4,21, 
-101- 
--- Table 4.20 
Res tora t ion  Temperature Ef fec t  on Degree of Res tora t ion  
of  Vexar Mesh 
Extruded Vexar Mesh 
Sanple Cirnensioris: 
Radiation Dose: 61 Mrads 
Deforma t i o n  : 1400Ca/1 hr, (T) 
Deformation Angle: 1800 
Deformation Quench: 1 5 O C 0 / 1 5  sec. 
Res tora t ion  Time: t o  1 hour 
4 cm. x 7 cm. 
R e s t o r a t i o n  T e m p e r a t u r e  - 
120oc 140OC. lO0OC a --e. 
Vexar Grade D e g r e e  of R e s t o r a t i o n  
D l/l-lOO-gO complete c m p l e t e  complete 
D 3/3-60-90 complete conplete  complete 
D 8/8-30-90 complete complete c ompl e t e 
D 12 12-30-90 no change complete complete 
D 4 4-30-90 no change p a r t i a l  (ca. gOoC.)complete 
no change p a r t i a l  compl e t  e / D 6/6-20-90 
-102- 
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The minimum r e s t o r a t i o n  temperature I s  a l s o  con- 
t r o l l e d  by the dens i ty  of t he  IiIeShm Table 4.22 i n d i c a t e s  t he  
temperature required t o  cause complete r e s t o r a t i o n  over a matter 
of  minutes. 
- Table 4,22 
Temperatures Required f o r  Complete Restorat ion of 
Vexar Mesh 
Extriided Vexar Mesh 
Sample Dimensions: 
Radiation Dose : 61 Mrads 
Deformation: 1400C,/5 min. ( T )  
Deformatim Angle: 180° 
Defometlon Qiench: 15OC,/15 set. 
Res tora t ion  Time: t o  3 min. 
Vexar Grade Complete R e s t o r a t i m  (OC,) 
4 cm, x 8 cm. 
Res tora t lon  Tmpe:-ature f o r  
100 
100 
100-105 
109 
120 
115 
- - 
Extrusion-induced memory was observed t o  be a 
complicating f a c t o r  with these extruded Vexar meshes a s  i t  was 
with Alathons 7010 and 7030 and Marlex 500% but not  as pronounced. 
5.0 SUMMARY 0 F RESULTS 
The r e s u l t s  of these s t u d i e s  on the memory of 
_I_- --- 
i r r a d i a t e d  polyethylene may be summarized as follows: 
5.1 Degree of Restorat ion 
a. The deformation condi t ions were found t o  have no 
e f f e c t  on the degree of r e s t o r a t i o n .  Complete r e s t o r a t i o n  
occurs under a v a r i e t y  of deformation condi t ions  i f  the resto- 
r a t i o n  tempera twe i s  above the c r y s t a l l i n e  melting po in t  of 
the polymer. 
b. The r e s t o r a t i o n  condition:: Elre of major importance 
i n  c o n t r o l l i n g  the  degree of r e s t o r a t i o n  of deformed polyethylene,  
For r e s t o r a t i o n  t o  be complete, t h e  polyethylene must be heated 
t o  t ransparency ( i . e . ,  above i t s  normal T,) . For high d e n s i t y  
polyethylene,  t h i s  temperature i s  ca. 130-135°C.; f o r  low 
dens i ty ,  the  required temperature i s  ca. 105°C. Polyethylene 
copolymers containing 15% o r  more e t h y l  a c r y l a t e  o r  v inyl  
a c e t a t e  were found t o  r equ i r e  lower minimum r e s t o r a t i o n  tempera- 
t u r e s  than the homopolymers s ince  t h e i r  Tm values  were lower. 
Thus, the various a c r y l a t e  and a c e t a t e  copolymers s tud ied  
r e s to red  a t  t expe ra t a re s  of 65-900C. 
c, Unfrradiated and i r r a d i a t e d  polyethylene behave 
very s i m i l a r l y  a t  deformation temperatures below Tm. 
Tm, 
memory cannDt be! observed. 
Above 
un i r r ad fa t ed  polyethylene melts and flows and, thus ,  
d.  Radiation dose does not  con t ro l  t h e  degree of 
r e s t o r a t i o n  above the minimal dose of ca. 5-10 Mrads f o r  a 
polyethylene of of a t  least  70,000. 
e. Polyethylene dens i ty  a f f e c t s  the degree of  
r e s t o r a t i o n  only i n s o f a r  a s  it a f f e c t s  t he  normal c r y s t a l l i n e  
melting poin t  of the pol-ymer ( see  5.1 c above). Low d e n s i t y  
grades r e s t o r e  t o  completion a t  lower temperatures than high 
dens i ty  grades. 
f .  I n i t i a l  molecular weight, above a c e r t a i n  minimum, 
is not a f a c t o r  i n  c o n t r o l l i n g  the  degree of r e s t o r a t i o n ;  
however, t h i s  i s  c l o s e l y  r e l a t e d  t o  the r a d i a t i o n  dose 
( see  5.1 d above). 
of  ca. 70,000 gives  conplete  r e s t c r a t i o n .  
A 10 Mrad dose t o  a poLyethylene of  
g. Storage of NT deformed specirneiis a t  -78'C. w i l l  
prevent creep which i s  comon a t  ambient temperatures and 
re ta rded  a t  -14i°C. 
h. Moulding and extrusion-inJuced s t r e s s e s  and s t r a i n s  
i n  polyethylene complicate the  memory e f f e c t  s tud ied  on t h i s  
p r o j e c t .  Such complications can, however, be minimized by 
anneal ing techniques.  
i. Vexar polyethylene mesh behaves exac t ly  similar 
t o  polyethylene sheet as  regards the memory e f f e c t .  
j ,  The a c r y l a t e  and a c e t a t e  copolymers of polyethylene 
e x h i b i t  t h e  memory e f fec t  as does polyethylene.  
5 D 2  - RE s t o r a  t i on -- Force 
a ,  Deformation condi t ions g r e a t l y  inf luence  the 
r e s t o r a t i o n  fo rce ,  
r e s t o r a t i o n  fc rcev  than T deformed polyethylene,  
NT Cieformed polyethylene has much g r e a t e r  
b. The r e s t o r i n g  f o r c e  inc reases  with r a d i a t i o n  dose 
for both T and NT deformed polyethylene.  
C.  The r e s t o r i n g  f o r c e  f o r  NT deformed polyethylene 
inc reases  with Increas ing  polymer dens i ty  and Tm. 
-106- 
d The r e s t o r i n g  force  inc reases  with increas ing  
molecular weight ( a s  measured under T defom-ation condi t ions)  
e. The restGring fGrce i s  p-oportional t o  t h e  square 
of the polye%i:yiene thlckness  f o r  NT Leforixed polyethylene over  
the 20-63 mii th'ickness range, 
f',, Qi;enc:vll~g aiXl mouldi.ng condi t ions  do not  appear 
t o  a f f e c t  the  r e s t o r i n g  force .  
g. The presence of ZzO ~r CaS'O f l l i e - l a  i n  the  
3 
polyethylene s ~ i o r  t o  i r r a d i a t i o n  iowcrs  tne r e s t o r i n g  force  
-107- 
6.0 MECHANISM OF POLYETHYLENE MEMORY 
The quest ion n a t u r a l l y  a r i s e s  a s  t o  the  mechanism 
of t h e  memory e f f e c t  of polyethylene,  
must be compatlble wi th  and capable of explaining seve ra l  
experimental f a c t s .  The mechanism f o r  polyethylene memory 
must expla in  t h e  fol lowing f a c t s :  
Any suggested mechanism 
1. The presence of two types of memory-the memory 
which i s  observed upon NT deformation and t h a t  observed upon 
T deformation. 
2. The requirement of r e s t o r a t i o n  temperatures above 
the c r y s t a l l i n e  melting po in t  (T,) of  t h e  polymer in orde r  t o  
ob ta in  complete r e s t o r a t i o n .  
r e s t o r a t i o n  temperature w i t h  increas ing  Tm. 
This  r e s u l t s  i n  an Increase  i n  
3. The degree of r e s t o r a t i o n  dependence on the 
r e s t o r a t i o n  temperature f o r  NT deformations and the lack  of 
such dependence f o r  T deformation. 
4. The inc rease  of r e s t o r i n g  fo rce  with decreasing 
deformation temperature. 
r e s t o r i n g  f o r c e s  and faster r e s t o r a t i o n  r e l a t i v e  t o  T deformation. 
NT deformation y i e l d s  g r e a t e r  
5. The Increase of r e s t o r i n g  fo rce  with increased 
r a d i a t i o n  dose f o r  both T and NT deformations wi th  the e f f e c t  
being greater f o r  NT deformation, bu t  the f a i l u r e  of dose t o  
a f f e c t  the  degree of  r e s t o r a t i o n .  
6 ,  The increase  i n  r e s t o r i n g  fo rce  with i n i t i a l  
polymer molecular weight f o r  T deformation. 
Based on a l l  t h e  a v a i l a b l e  information i t  i s  f e l t  
that  a f a i r l y  comprehensive mechanism can be proposed t o  
expla in  t h e  memory of i r r a d i a t e d  polyethylene.  
f o r  the memory e f f e c t  w i l l  be presented i n  terms of  the 
Our mechanism 
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crystalline-amorphous picture of polyethylene as described 
in Section 1.2. 
in terms of the folded-chain theory of crystallinity. 
not wish, here, to discuss the exact nature of  the crystalline 
polyethylene but will discuss the memory of  polyethylene in 
terms of  the disruptions and destabilizations of polymer 
structure which occur during deformation and of the subsequent 
relieving of these disruptions and destabilizations during 
restoration. 
However, it could just as easily be presented 
We do 
As was mentioned in Section 1.2, polyethylene can be 
thought of as consisting of crystalline and non-crystalline 
regions. The crystalline regions are especially characterized 
by high intermolecular forces of attraction between polymer 
chains . The structure of irradiated polyethylene (at doses 
below those which destroy crystallinity) is analogous to 
unirradiated polyethylene except for the superposition of cross- 
links between chains. (Irradiation of polyethylene also results 
in other changes such as changes in the type and concentration 
of unsaturation; however, these are not thought to affect the 
memory phenomenon. ) 
It is suggested that when irradiated polyethylene 
is deformed, the ensuing disruptions in the polymer are of two 
types. One i s  the disruption and destabilization of the 
crystalline regions and the other is the disruption and 
destabilization of the crosslinked regions. We hereby define 
the memory due to disrupted crystalline regions as plastic 
memory and that due to disrupted crosslinked regions as 
elastic memory. 
is caused by a combination of plastic and elastic memories; 
The memory observed in NT deformed polyethylene 
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t h a t  observed i n  T deformed polyethylene i s  due only t o  
e l a s t i c  memory. 
inherent  i n  polyethylene (and o t h e r  polymers) and i s  not  a t  a l l  
dependent on crosslir iking; but  only crossl inked polyethylene 
possesses  e l a s t i c  memory, 
It should be obvious that  p l a s t i c  memory is 
When i r r a d i a t e d  polyethylene i s  deformed a t  NT tempera- 
t u r e s ,  the deformed specimen begins t o  r e s t o r e  immediately 
a t  ambient temperatures (25OC.). I n  o t h e r  words, NT deformations 
cannot be "locked i n "  completely. e .there i s  immediate recovery. 
A s  the NT deformation temperature inc reases ,  the  r e s t o r a t i o n  
a t  ambient temperatures becoines progress ive ly  subdued and 
f i n a l l y ,  when the deformation i s  performed above the Tm, the 
memory of the deformed polyethylene can be locked-in Indefinitely. 
The reasons f o r  t he  locking-in o r  non-locking-in of memory 
are based on the melting and r e c r y s t a l l i z a t i o n  of var ious 
polyethylene regions during the deformation and quenching 
process.  (It should be borne i n  mind a t  t h i s  po in t  t ha t  
polyethylene l i k e  most o t h e r  polymers conta ins  d i f f e r e n t  
c r y s t a l l i n e  regions which melt over  a very wide range o f  
temperatures. 
l a s t  remnants of  c r y s t a l l i n e  ma te r i a l  melt .  ) 
Deformation of polyethylene a t  t enpera tures  above 
The Tm is only t h e  temperature a t  which the 
3 
the melting po in t  of some c r y s t a l l i n e  regions ( types )  r e s u l t s  
i n  t h e  melt ing of said ma te r i a l  dur ing  deformation followed 
by t h e i r  r e c r y s t a l l i z a t i o n  during the quenching process.  
r e c r y s t a l l i z e d  regions i n  the deformed specimen are not  a 
source o f  memory,.,they are  a b l e  t o  a l i g n  themselves i n t o  a 
stable conf igura t ion  during the deformation process  (during 
which they melt) ,  Thus, t h e  deformed specimen c o n s i s t s  of a 
These 
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highly dynamic s i t u a t i o n .  
a r e  attempting t o  r e s t o r e  it t o  i t s  undeformed shape. However, 
opposing t h i s  r e s t o r a t i o n  tendency are the  c r y s t a l l i n e  f o r c e s  
due t o  the r e c r y s t a l l i z a t i o n  o f  the c r y s t a l l i n e  regions which 
melted during the deformation heating. These r e c r y s t a l l i z a t i o n  
fo rces  w i l l  be r e f e r r e d  t o  as " s t a b i l i z i n g "  forces .  The n e t  
i n t e r p l a y  of t h e  s t a b i l i z i n g  and memory fo rces  determines i f  
r e s t o r a t i o n  occurs a t  ambient temperatures,  and the  behavior 
o f  deformed specimens under var ious deformation and r e s t o r a t i o n  
temperatures. 
The p l a s t i c / e l a s t i c  memory f o r c e s  
The determining f a c t o r  which inf luences  the outcome 
of  the  i n t e r p l a y  of t h e  r e s t o r a t i o n  and s t a b i l i z i n g  fo rces  i s  
the amount of  me l t ing  and r e c r y s t a l l i z a t i o n  of polymer which 
occurs  during the deformation and quenching process.  A s  the 
amount of c r y s t a l l i n e  melting and r e c r y s t a l l i z a t i o n  inc reases ,  
the f o r c e s  of s t a b i l i z a t i o n  increase  and move i n  the d i r e c t i o n  
of overcoming the f o r c e s  of  r e s t o r a t i o n .  I n  a c t u a l  p r a c t i c e  w e  
have observed tha t  the  p l a s t i c  memory r e s t o r a t i o n  f o r c e s  are 
s u f f i c i e n t l y  high such that  deformation temperatures i n  the 
v i c i n i t y  o f  the Tm must be reached before the s t a b i l i z i n g  
fo rces  become g r e a t e r  than the r e s t o r a t i o n  ro rces  and the 
deformed specimen does not  recover. This i s  i n  l i n e  with our  
r e s u l t s  which show the p l a s t i c  memory r e s t o r i n g  f o r c e s  t o  be 
much l a r g e r  than t h e  e l a s t i c  memory r e s t o r i n g  fo rces .  It should 
be mentioned t h a t  a s  the d e f o r m t i o n  t e m p e r a t x e  inc reases  f o r  
NT deformations, the degree of r e s t o r a t i o n  a t  ambient tempera- 
t u r e s  decreases  s ince  the s t a b i l i z i n g  f o r c e s  a r e  inc reas ing  
while the r e s t o r i n g  f o r c e s  a r e  decreasing. 
A t  low deformation temperatures the deformed 
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polyethylene specimen possesses  both p l a s t i c  and e l a s t i c  memory. 
A s  the deformation temperature I s  Increased, t he  amount of 
p l a s t i c  memory i n  the deformed specimen decreases s ince  the 
amount of deformed c r y s t a l l i n e  region i s  decreasing. T h i s  i s  
so  because thQse c r y s t a l l i n e  regions which melt upon deformation 
a r e  a b l e  t o  a l i g n  themselves I n t o  a new, s t a b l e  conf igura t ion  
and are not  a source of s t r a i n  and memory i n  the quenched 
deformed specimen. When the deformation temgerature i s  a t  or 
above the c r y s t a l l i n e  melting poin t  (Tm), complete melting of 
a l l  c r y s t a l l i n e  regions has  occurred during deformation. The 
r e s u l t i n g  quenched, deformed specimen no longer  conta ins  p l a s t i c  
memory. The memory of such a T deformed specimen i s  s o l e l y  
due t o  e l a s t i c  memory which i s  a t t r i b u t a b l e  t o  the cross l inked  
chains  only. 
It has been noted t h a t  complete c r y s t a l l i n e  melt ing 
I s  required i n  o rde r  t o  ob ta in  complete r e s t o r a t i o n  f o r  both 
T and NT deformations. T h i s  I s  so f o r  T deformation s ince  a l l  
c r y s t a l l i n i t y  must be removed i n  o r d e r  t ha t  the e l a s t i c  memory 
of  the deformed cross l inked  network be allowed t o  exert itself. 
It i s  a l s o  t r u e  f o r  NT deformation because c r y s t a l l i n e  melt ing 
must occur f o r  t h e  Ceformed c r y s t a l l i n e  reg ions  t o  r e s t o r e  
themselves t o  completion and also f o r  the same reason as j u s t  
mentioned f o r  T deformed specimens. 
The f a c t  that  NT deformed specimens r e s t o r e  f a s t e r  
than T deformed specimens and a l s o  have g r e a t e r  r e s t o r a t i o n  
fo rces  i s  a t t r i b u t e d  t o  the g r e a t e r  r e s t o r a t i o n  f o r c e s  of 
p l a s t i c  memory. I n  o t h e r  words, the d i s rup t ion  of c r y s t a l l i n e  
regions causes a g r e a t e r  d e s t a b i l i z a t i o n  than does the d i s rup t ion  
-112- 
of  crossl inked polymer chains,  
Our experimental r e s u l t s  have shown t h a t  both T and NT 
deformations give r i s e  t o  inc reas ing  r e s t o r a t i o n  f o r c e s  with 
increased r a d i a t i o n  dose. T h i s  has been, of  course,  a t t r i b u t e d  
t o  the f a c t  t h a t  c ros s l ink ing  r e s u l t s  i n  e l a s t i c  memory and tha t  
the  ex ten t  of e l a s t i c  memory inc reases  with increased r a d i a t i o n  
dosage. Eowever, i t  should be noted t h a t  t h e  incremental  
increase  i n  NT r e s t o r a t i o n  fo rces  p e r  u n i t  r a d i a t i o n  dose was 
g r e a t e r  than i n  t h e  case of T deformation r e s t o r a t i o n  forces .  
This  would i n d i c a t e  tha t  a deformed c r o s s l i n k  i n  the  c r y s t a l l i n e  
region comprises a much more uns tab le  s i t u a t i o n  than a deformed 
c r o s s l i n k  i n  the  amorphous region. 
It was experimentally observed tha t  a t  a given 
constant  dose of i r r a d i a t i o n  the  r e s t o r a t i o n  f o r c e  f o r  T defor -  
mation increased wi th  inc reas ing  i n i t i a l  polymer molecular weight, 
This  i s  a t t r i b u t a b l e  t o  the  f a c t  that the polymer with the 
h ighes t  molecular weight w i l l  a t  a given dosage c o n s i s t  of a 
more h ighly  c ross l inked  network and i t s  deformation would be 
expected t o  lead  t o  a more highly s t r a i n e d  s i t u a t i o n .  T h i s  would 
g ive  r i s e  t o  higher  r e s t o r a t i o n  forces .  
One l a s t  item worthy of  mention i s  t h e  memory loss which 
was found f o r  both T and NT deformed specimens which were heated 
while i n  the  deformed s t a t e .  The conversion of  NT t o  T 
deformation under these condi t ions  i s  of  course not  anomalous, 
s ince  what i s  simply occurr ing  i s  t h a t  the luT Ceformed specimen, 
while being held i n  t h e  deformed shape, undergoes c r y s t a l l i n e  
melt ing and i t s  behavior then i s  exac t ly  analogous t o  the 
T defarmed specimen. However, the l o s s  o f  memory of T deformed 
specimens on hea t ing  i n  the deformed s ta te  i n d i c a t e s  t ha t  the 
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crossl inked polymer network i s  s u f f i c i e n t l y  mobile tha t  i t  i s  
ab le  t o  move around and e s t a b l i s h  new s t a b l e  configurat ion 
i n  the  macroscopic deformed shape. 
7.0 RECOMMENDATIONS FOR FUTURE WORK 
The r e s u l t s  of our  study of the memory e f f e c t  a r e  
q u i t e  encouraging and it  i s  recommended t h a t  f u t u r e  work be 
geared t o  the purpose of 
a.  applying the phenomenon t o  pass ive  communication 
s a t e l l i t e s  such a s  required f o r  p r o j e c t s  Echo and Rebound, 
b. applying the  phenomenon t o  o b j e c t s  of any shape 
f o r  f u t u r e  p o t e n t i a l  space zpp l i ca t ions .  
The requirements f o r  the  use of the memory e f f e c t - f o r  
communication s a t e l l i t e s  include 
1. A r e s t o r i n g  force  of  t he  deformed o b j e c t  s u f f i c i e n t  
t o  cause r e s t o r a t i o n ,  
2. Complete r e s t o r a t i o n .  
3. A manner of inducing hea t ing  of the deformed o b j e c t  
t o  cause r e s t o r a t i o n  t o  proceed, 
Requirements f o r  o the r  types of space s t r u c t u r e s  
include those l i s t e d  above and poss ib ly  another  depending upon 
t h e  p a r t i c u l a r  end use.  
polymeric memory e f f e c t  t o  a c t  a s  a switch i n  space, the 
polymeric swl-tch would i t s e l f  requi re  the proper ty  o f  r i g i d i t y .  
T h i s  would a l s o  be a general  requirement f o r  o t h e r  objec+,s, 
e.g., space s t a t i o n s ,  moon s h e l t e r s ,  antennas, e t c .  Thus, t o  the 
f irst  t h r e e  requirements one must a l s o  add 
Thus, i f  one wishes t o  employ the 
4. r i g i d i z a t i o n  of the res tored  specimen. 
Of these  f o u r  l i s t e d  requirements some have been 
s tudied  and problems r e l a t i n g  t o  them solved; o t h e r s  r equ i r e  
f u r t h e r  i nves t iga t ion .  
I n  ou r  study under the  subjec t  con t r ac t ,  R A I  has  
inves t iga t ed  the radiation-induced memory e f f e c t  i n  polyethylene 
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and polyethylene copolymers. It has been shown that  under 
the proper condi t ions e s s e n t i a l l y  complete r e s t o r a t i o n  can 
be caused t o  occur. The parameters t h a t  cont ro l  the degree 
of r e s t o r a t i o n ,  the r e s t o r i n g  fo rces  that  a r e  involved, and the 
requirements f o r  reducing r e s t o r a t i o n  temperatures have been 
e luc ida ted .  I n  add i t ion ,  methods f o r  c o n t r o l l i n g  the  magnitude 
I of  the r e s t o r i n g  fo rce  have been developed. 
I 
Furthermore, in-house work a t  R A I  with o t h e r  polymers 
has shown t h a t  the memory e f f e c t  can be brought about i n  a 
v a r i e t y  of polymers, 29 
propylene and polycarbonates which do not  normally c ros s l ink  
v i a  r a d i a t i o n  o r  do  so with very low e f f i c i e n c i e s .  This has  
been accomplished v i a  the use o f  r a d i a t i o n  i n  conjunct ion with 
polyfunct iona l  monomers. 
s tud ied  a t  R A I .  
These include polymers such as poly- 
This  l a t t e r  process  has been ex tens ive ly  
8 
It i s  our  opinion tha t  there are t h r e e  a l t e r n a t e  
techniques for employing p l a s t i c  memory t o  erect pass ive  
communications s t r u c t u r e s  i n  space. These a re :  
Technique 1: A wire g r i d  s t r u c t u r e  imbedded i n  
( i . e . ,  coated with) a p l a s t i c  possessing memory. This would 
then be coated wi th  a temperature-control l ing coa t ing  t h a t  
would allow the r e s t o r a t i o n  process  t o  occur i n  space and then 
disappear.  
Technlque 2: A wire g r i d  s t r u c t u r e  coated with a 
p l a s t i c  memory material which i s  a l s o  temperati ire-controll ing 
and degradable i n  space. 
Technique 3: A p l a s t i c  memory g r i d  ma te r i a l  which 
i s  metal l ized.  The meta l l ized  coa t ing  i s  i n  t u r n  coated with 
a temperature-control l ing degradable coating. 
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One should note that  the end r e s u l t ,  a f t e r  r e s t o r a t i o n  
i s  complete and t h e  degradable polymer has disappeared, i s  a 
wire s t r u c t u r e  f o r  Technique 2, a wire s t r u c t u r e  imbedded i n  a 
p l a s t i c  f o r  Technique 1 and a meta l l ized  p l a s t i c  s t r u c t u r e  
f o r  Technique 3. 
A t  f i rs t  glance i t  would seem t h a t  t he  second technique 
i s  t h e  simplest one. It involves  only one polymeric ma te r i a l  
and no bonding problems. Hcwever, the cons idera t ions  necessary 
t o  s t r o n l y  advocate one of t hese  techniques over  the o t h e r s  are 
not  c l e a r  a t  t h i s  t i m e .  We, the re fo re ,  suggest t ha t  t h e  
f e a s i b i l i t y  of a l l  t h r e e  techniques be considered f o r  f u t u r e  
study 
It i s  suggested t h a t  f u t u r e  work involve t h e  
a. development of a space degradable polymer, 
b. development of  a space degradable polymer possessing 
memory , 
C .  s tudy o f  the p r e c i s e  ex ten t  of r e s t o r a t i o n ,  
d. space r i g i d i z a t i o n  of e rec t ed  s t r u c t u r e s .  
7.1 - Space Degradable Polymer 
A space degradable ina te r ia l  i s  necessary f o r  us ing  
p l a s t i c  memory t o  e r e c t  s t r u c t u r e s  i n  space v i a  the techniques 
above. T h i s  would conta in  the temperature-control l ing a d d i t i v e s  
(which possess  the proper d/c ) i n  o rde r  t o  allow the 
r e s t o r a t i o n  process  t o  take  p lace .  After r e s t o r a t i o n  i s  
complete, t h i s  coat ing would be requi red  t o  degrade and vaporize 
Various approaches are poss ib l e  t o  ob ta in  a space 
degradable polymer. The most obvious i s  t o  employ a polymer o f  
the degrading type such a s  polymethacrylate. The degradat ion 
could be speeded up by formulating the polymer wi th  appreciable 
amount of a f r e e  rad ica l  i n i t i a t o r  o r  W sens i t i ze r ,  Preliminary 
evidence ind ica tes  that t h i s  is a f eas ib l e  approach and it 
i s  proposed to  study It i n  de ta I lo2g  
mater ia ls  and o ther  experimental mater ia ls  should be invest igated.  
7.2 Space Degradable Polymer Possessing Memory 
Commercially ava i lab le  
A space degradable polymer possessing memory would be 
necessary i n  order t o  employ Technique 2, described above f o r  
space erectable  s t ructures .  The polymers t o  be invest igated 
would be of the degrading type discussed i n  7.1 above, Such 
polymers, because of the i r  chemical s t ruc ture ,  cannot be cross- 
l inked by radiation.. .  ins tead they degrade. However, as 
mentioned e a r l i e r ,  R A I  has been able  t o  radiat ion-crossl ink 
such mater ia ls  via the use of polyfunctional monomers. 
It i s  suggested that one study the inducing of 
memory i n t o  polymers of the degrading type via  the use of 
rad ia t ion  i n  conjunction with polyfunctional monomers. 
e f f e c t  o f  various parameters such as  deformation and r e s to ra t ion  
conditions,  rad ia t ion  dose, e tc .  on the degree of r e s to ra t ion  and 
res tor ing  force should be determined. Alternately,  ava i lab le  
mater ia ls  which a r e  crosslinked via  non-radiation techniques 
and which exhib i t  memory and are  space degrading should be 
The 
invest igated . 
7.3 Precise Degree of Restoration 
Our present  work showed that the degree of res tora t ion  
shovtn by polyethylene and i t s  copolymersis 99+$. 
t e s t  method was not prec ise  enough t o  determine i f  the  degree 
of r e s to ra t ion  i s  99.0% o r  99.9% o r  99.99$. 
t h a t  the exact degree of res tora t ion  be determined by a study 
However, our 
It i s  suggested 
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of the o p t i c a l  p r o p e r t i e s  of metal l ized p l a s t i c s .  
Th i s  could be done by d i r e c t i n g  a t h i n  c y l i n d r i c a l  
she l l  ( tube)  of  col l imated l i g h t  toward the o u t e r  sur face  o f  
a r e s to red  sphere e i t h e r  along a r ad ius  o r  a t  a known angle t o  
the r ad ius  a t  t h e  cen te r  o f  t he  a rea  a t  which the l i g h t  beam 
meets the sur face  of the  sphere. The p r e c i s e  shape and s i z e  
of  the r e f l e c t e d  beam would then be observed on a screen placed 
a t  a proper  d i s t ance  and a l t i t u d e  w i t h  r e spec t  t o  the sphere. 
This  would be compared t o  the  shape and s i z e  of t he  corresponding 
beam when r e f l e c t e d  from a p e r f e c t  sphere. 
7 a 4  Rigid iza t ion  
Although r i g i d i z a t i o n  is  not of importance f o r  memory 
e r e c t i o n  of Echo o r  Rebound-type s t r u c t u r e s  i n  space, i t  would be 
requi red  f o r  o t h e r  s t r u c t u r e s  such a s  antennas,  switches,  e t c .  
T h i s  would probably requi re  the  r i g i d i z a t i o n  of t h e  s t r u c t u r e s  
i n  space a f t e r  e rec t ion .  P l a s t i c s  a r e  a v a i l a b l e  which have the  
high r i g i d i t y  but t h e i r  r e s t o r a t i o n  temperatures a r e  probably 
too high t o  be r e a d i l y  a t t a i n e d ,  High r e s t o r a t i o n  temperatures 
are undes i r eb le  because they a r e  d i f f i c u l t  t o  a t t a i n  and/or 
such tempei-atures would be de t r imenta l  t o  apparatus ,  instruments ,  
e t c .  on the  space s t r u c t u r e .  Although space r i g i d i z a t i o n  has 
been studied,30 
required.  It i s  the re fo re  recommended tha t  the  r i g i d i z a t i o n  
of s t r u c t u r e s  e rec ted  v i a  the  memory e f f e c t  be s tudied.  
Emphasis should be placed on t h e  r i g i d i z a t i o n  of  r e s to red  
s t r u c t u r e s  made of polymers with low r e s t o r a t i o n  temperatures.  
T h i s  would c o n s i s t  of studying t h e  r i g i d i z a t i o n  o f  those 
polymers s tud ied  under the sub jec t  con t r ac t  (and a l s o  o t h e r  
i t s  a p p l i c a b i l i t y  t o  the  memory e f f e c t  i s  
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l o  J Tm polymers i f  d e s i r a b l e ) .  
recommended f o r  cons idera t ion  include the in f r a red  curing 
of  epoxy r e s in ,  the u l t r a v i o l e t  cur ing of unsaturated po lyes t e r s ,  
the thermal a c t i v a t i o n  of an isocyanate  przpolymer t o  give a 
foam and the  curing of melamine o r  phenolic r e s i n s  by space 
ac t iva ted  ca t a lys t s , ,  
considered. 
Techniques of  space r i g i d i z a t i o n  
Encapsulation techniques should a l s o  be 
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